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Introduction  
 One of the central anti-apoptotic pathways in cells is mediated by NF-κB (nuclear 
factor kappa-B) transcription factors. There is mounting experimental evidence that NF-
κB is activated during tumorigenesis in different tissues, and that NF-κB is critically 
important for cell protection against apoptosis induced by different treatments including 
chemotherapeutic drugs and γ-irradiation. The key to NF-κB regulation is the inhibitory 
κB (IκB) proteins which retain NF-κB in an inactive form in the cytoplasm.  In response 
to diverse stimuli, IκBs are rapidly phosphorylated, ubiquitinated and undergo 
degradation via 26S proteasome. The released NF-κB factors then translocate to the 
nucleus and activate kB-responsive genes involved in cell growth, apoptosis, and 
metastasis. Several IκB kinases (IKKs) which trigger IκB degradation and NF-κB 
activation were discovered in 1997-2000 (Zandi et al., 1997, Peters and Maniatis, 2000). 
These protein kinases are currently seen as a target of choice to specifically inhibit NF-
κB activity.  In this project we proposed to test the hypothesis that activation of IKKs and 
down-stream NF-κB "survival signaling" pathway is a critical event during tumorigenesis 
in prostate. Our project was focused on the role of IκB kinases IKKα, IKKβ, and IKKε 
(IKKε is called in the literature also IKKi due to its inducible nature) in constitutive 
activation of NF-κB in prostate carcinoma (PB) cell lines and PC tumors. We also 
studied whether IKK blockage induces apoptosis and/or inhibits PC cell growth. 

Initially I have received DOD funding for three years: from 05.01.2001 to 
04.30.2004. In 2003 my laboratory moved from AMC Cancer Center in Denver to 
Northwestern University in Chicago. During several months of transition period in 2003 I 
had to rebuild my laboratory, transfer awards to NU, hire new postdoctoral fellows and 
technicians; prepare new IRB and IACUC protocols. I have accomplished all these goals 
successfully. However, it took me some time to rebuild the laboratory, and I had 
requested and was granted the no-cost extension of the grant till 04.30.2005. 
 
BODY 
Research accomplishments. 
 
Aim 1. To determine the role of IkB kinases IKKα, IKKβ, and IKKε in constitutive 
activation of NF-kB in PC cell lines and PC tumors. 
 

• Task 1. Perform analysis of IKKα, IKKβ, and IKKε/i expression in five 
PC cell lines and primary prostate cell cultures using Northern blotting, Western 
blotting and immunostaining. 

• Task 2. Determine IKKα, IKKβ, and IKKε/i function. Determine IKK’s 
phosphorylation. Measure IKK activity in kinase assay; constitutive level of IκB-
α phosphorylation and IκB-α stability in five PC cell lines and primary prostate 
cell cultures.  

 
We successfully completed work proposed in tasks 1 and 2.  We have investigated the 

expression and function of NF-κB, IκB inhibitors and IKKs in normal prostate epithelial 
cells and prostate carcinoma (PC) cell lines LNCaP, MDA PCa 2b, DU145, PC3, and 
JCA1. We found that NF-κB was constitutively activated in human androgen-
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independent PC cell lines DU145, PC3, JCA1 as well as androgen-independent CL2 cells 
derived from LNCaP (Gasparian et al., 2002, Fig. 1, p.144). In spite of a strong difference 
in constitutive κB binding, Western blot analysis did not reveal any significant variance 
in the expression of NF-kBs (p65 and p50), IκBs, IKKα, and IKKβ between primary 
prostate cells, androgen-dependent and androgen-independent PC cells (Gasparian et al., 
2002, Fig. 3, p. 145 and Fig. 10, p. 147).  However, we found that in androgen-
independent PC cells IκBα was heavily phosphorylated (Gasparian et al., 2002, Fig. Fig. 
5, p. 146), and displayed a faster turnover. To study IκBα turnover in PC cell lines we 
used several experimental approaches including the direct assessment of the time of IκBα 
half-life using pulse-chase analysis of metabolically labeled IκBα. We found that IκBα 
was more than two times stable in LNCaP cells (IκBα half-life was about 60 min) than in 
DU145 where NF-kB is constitutively active (Gasparian et al., 2002, Fig. 9, p. 147). 
Using an in vitro kinase assay with IκBα peptide (1-54) that has only Ser32 and Ser36 
sites of phosphorylation as a substrate  (IKKα/IKKβ complex was immunoprecipitated by 
treatment of cell lysates with combination of IKKα and IKKβ antibodies) we 
demonstrated the constitutive activation of IKK in androgen-independent PC cell lines 
(Gasparian et al., 2002, Fig. 10 B, p. 147).  

In contrast to IKKα and IKKβ, IKKε/i was strongly expressed only in androgen-
independent PC cells (PC3 and DU145) with high level of constitutively active NF-kB 
(supplemental Fig. 1). Treatment of PC cells with NF-kB inducers such as IL-1 and TNF-
a resulted in a rapid induction of IKKε expression (supplemental Fig. 2). Transient 
transfection of different PC cell lines with IKKε/i w.t. resulted in the activation of 
kB.Luciferase reporter, whereas IKKε dominant negative (d.n.) mutant K38A suppressed 
basal NF-κB activity in PC cells (supplemental Fig. 3). These data provide experimental 
evidence that IKKε/i could be involved in the regulation of NF-κB activity in PC cells 
through a positive feedback loop.   

We were not able to measure IKKε/i kinase activity because there is no specific 
substrate for this IKK. The data on IKK expression and activity in PC cells  have been 
published (Gasparian et al., 2002) and presented at the meetings (Gasparian et al., 2001, 
Gasparian et al., 2002, Yao et al., 2002, Yemelyanov et al., 2003, see appendices # 1, 2, 
8, 10). 
 
• Task 3. Build a collection of frozen and formalin fixed samples of PC tumors and 

normal prostate tissues.  
We have successfully built the collection of frozen and formalin fixed samples of PC 

tumor and BPH (benign prostate hyperplasia) samples first via the purchase of prostate 
samples from the CHTN (NCI cooperative human tissue network, the organization 
funded by NCI to provide the human tissues for researchers), and later through NU 
prostate SPORE pathology core. It appeared that normal freshly frozen prostate tissues 
from organ donors are not available. Because the tissues harvested postmortem could not 
been used for our studies, we compared in our experiments prostate carcinomas with 
BPH. Unfortunately the significant part of frozen samples was lost in September 2004 
during the accidental power loss in the equipment room, and I had to spend the additional 
time and effort to get the prostate frozen samples to continue the proposed  research.  
 
• Task 4. Perform analysis of IKKα, IKKβ, and IKKε/i expression in PC tumors 

and normal prostate tissues using Northern blotting, Western blotting and 
immunostaining. 
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• Task 5. Determine IKK function. Measure IKK activity in kinase assay and 
constitutive level of IκB-a phosphorylation in PC tumors and normal prostate tissues. 
Determine IKK’s phosphorylation. 
As proposed we studied the expression of IKK proteins in prostate tissues in parallel 

with NF-κB proteins. We performed immunostaining of  more than 60 formalin-fixed 
paraffin-embedded samples (including tissue microarrays and individual sections) of  
BPH, high grade PIN (prostate intraepithelial neoplasia that is considered to be a 
precancerous lesion),  and PCs using multiple antibodies against NF-κB and IKK 
proteins: p65 (two different Abs from Abcam and  Santa Cruz),  p50 (Santa Cruz), p52 
(Santa Cruz), IKKα (two different Abs from  Santa Cruz and  Imgenix) , IKKβ 
(Imgenix), phosphorylated IKKα/ IKKβ (Cell Signaling), and IKKε/i (four different Abs 
from  Imgenix, Santa Cruz., Active Motif, Pro-Sci). We found that there was modest 
increase of number of p65-positive nuclei in low grade and advanced PCs in comparison 
to BPH (Gasparian et al., 2002, p.145, Table 1).  We did not find significant changes in 
the expression of p50 (supplemental Fig. 4) in PC in comparison to BPH. There were also 
no significant changes in the expression of IKKα, IKKβ and IKKε/i in PC in comparison 
to BPH (supplemental Fig. 5). All studied IKK kinases were expressed in the epithelial 
compartment of BPH and PCs. Importantly, IKKβ and IKKε/i were mostly found in the 
cytoplasm of prostate epithelial cells. In contrast,  IKKa frequently had nuclear 
localization (supplemental Fig. 5). Interestingly, P52 expression was higher in high grade 
PCs in comparison to BPH and low grade PCs. In some tumors p52 immunostaining 
pattern correlated with IKKα expression, and especially with the level of 
IKKα/β phosphorylation (supplemental Fig. 6). It is an important finding because  IKKα  
is necessary for processing of p52 precursor p100 (Senftleben et al., 2001). The data on 
IKKα/β phosphorylation are of special significance. The antibody we used was raised 
against IKKα/β phosphorylated at Ser176/180. It is known that activation of IKKα and 
IKKβ requires their phosphorylation at those specific serines in the activation loop of 
IKK kinases (Karin and Ben-Neriah, 2000). We found for the first time that activated 
IKKα/β are  strongly expressed in the cytoplasm of epithelial cells in PCs (Yemelyanov 
et al. 2005, Fig. 1). This finding suggests that IKK kinases are indeed constitutively 
active in prostate tumors, and should be used as a target to inhibit NF-kB. The data on 
IKKα/β immunostaining have been published (Yemelyanov et al. 2005).  

It is known that prostate carcinomas are not localized lesions, thus frozen PC samples 
contain relatively low number of cancer cells (30-40% at most). This significantly 
decreases the sensitivity of biochemical approaches including Northern and Western 
blotting to study NF-kB and IKK expression as well as kinase assay to study IKK activity  
(see task 5). We were able to isolate good quality RNA from freshly frozen BPH and PC 
samples. We did not find the significant differences in the expression of IKKα and IKKβ 
in cancer samples in comparison to BPH samples (supplemental Fig. 7 ). However, due to 
the sample nature, the best approach to assess the expression of IKKs in PC is 
immunostaining. 
 
• Task 6. Perform transient transfections of PC3, DU145 and JCA1 PC cells with 

dominant negative (d.n.) IKKα, IKKβ, and IKKε, kB.Luciferase reporter and RL-null 
reference construct. Evaluate effect of d.n. IKKs at different doses on the basal and 
TNF-α-inducible NF-κB activity.  
As proposed we studied the role of IKKs in constitutive NF-κB activation in 

malignant prostate cells using transient transfection of normal prostate epithelial cells and 
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PC cells with d.n.  IKKα (IKKαK44M) or IKKβ (IKKβK44M) mutants. As shown in our 
publication  (Gasparian et al. 2002, Fig. 11, p. 148), both mutants inhibited constitutive 
luciferase activity in normal and malignant PC3 prostate cells in a similar way, with 
IKKβ mutant being more potent inhibitor for constitutively active NF-κB. Effect of IKKβ 
mutant was comparable to the effect of IκBα d.n. mutant (Gasparian et al. 2002, Fig. 11, 
p. 148). As was described  above (see task 2) , IKKε/i dominant negative (d.n.) mutant 
K38A suppressed basal NF-κB activity in PC cells (supplemental Fig.3). To study the 
effect of d.n. IKK mutants on the inducible NF-kB activity in PC cells we first 
characterized the sensitivity of PC cells to the individual inducers such tumor necrosis 
factor alpha (TNF-α), lipopolysaccharide (LPS), and 12-O-tetradecanoyl-phorbol-13-
acetate (TPA) using EMSA and transient transfections. We found that despite the high 
constitutive level of NF-κB activity, androgen independent PC cells appeared to be 
overall highly sensitive to NF-κB induction (Gasparian et al., 2003, appendix 9 and 
supplemental table 1). However, the sensitivity of different PC cells to the standard NF-
kB inducers differed. For example, DU145 cells are highly responsive to TNF-α and 
LPS, while PC3 cells are highly responsive to LPS and TPA but not to TNF-α ( 
supplemental table 1). Based on these findings, we selected different NF-κB inducers to 
study the effect of d.n. IKKβ and IKKα on NF-κB activation in PC3 and DU145 cells. 
We found that d.n. IKKβ significantly inhibited the NF-kB activation induced by LPS in 
PC3 cells, and by TNF-a in DU145 cells. 
 
• Task 7. Analysis of data.  Manuscript preparation. 
 
Aim 2. To determine if IKK blockage induces apoptosis and/or inhibits PC cell 
growth in vitro and in vivo to address the role of NF-kB signaling pathway in 
prostate tumorigenesis.  
 
• Task 8. Perform stable transfection of PC3 cells with tagged d.n. IKKβ, IKKa,  

and IKKε/i and empty pcDNA3 vector, select clones with G418. Characterize 
expression of d.n. IKKs in individual clones and its effect on kinase activity of 
corresponding IKK. Characterize the effect of d.n. IKKs on the endogenous NF-κB 
activity in individual clones.  

We have generated more than 95 clones of DU145 and more than 80 clones of  PC3 cells 
transfected with d.n. mutants of different IKKs.  We have selected positive clones with 
the highest level of transgene expression and assessed the effect of d.n. IKK mutants on 
NF-κB function in PC cells using Northern blotting for endogenous kB-responsive genes 
such as IkBa, and transient transfection with κB.Luciferase reporters. We found that in 
PC3 clones transfected  with IKKβ d.n. mutant and IKKε d.n. mutant constitutive 
expression of endogenous κB-responsive genes such as IκB-α and IL6 was significantly 
decreased (supplemental Fig. 8 and Fig. 9). Luciferase assay indicated that both IKKb 
and  IKKε d.n. mutants significantly  affected basal and inducible NF-κB activation by 
selective NF-κB inducers such as LPS  and TPA (supplemental Fig. 10). Unfortunately, 
in most of those transfected clones the expression of d.n. IKKβ, d.n. IKKα, and d.n. 
IKKε/i  mutants significantly decreased during first 10 passages. This did not allow us to 
use these clones for work proposed in tasks 9-11. To overcome the transgene silencing  
problem we  have undertaken an alternative approach and performed the experiments 
with highly specific chemical inhibitor of IKKβ, PS1145 (Hideshima et al., 2002) 
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provided by Millenium Pharmaceuticals Inc. We have developed a comprehensive 
picture of the effects of PS1145 on NF-kB in PC  cells in vitro using EMSA, transient 
transfections with kB.Luciferase reporters, study of IkBa-phosphorylation, and Northern 
blot analysis of NF-kB –responsive endogenous genes (Yemelyanov et al., 2005, Figs 
2,3,4,5).    We found that PS1145 inhibited constitutive and inducible NF-κB activity in 
androgen-independent PC cells, and blocked the constitutive expression of cytokines, 
including IL6 ( Yemelyanov et al., 2005, Fig. 11).  

We extended these studies further and compared the effect of different classes of NF-
kB inhibitors including proteasome inhibitors and IKK inhibitors on NF-kB activity and 
sensitization of PC cells to apoptosis. This work is still in progress. However, the 
preliminary results indicated that in general proteasomal inhibitors are more effective in 
both tests than IKK inhibitors. 

We also repeated the experiments with forced expression of IKK d.n. mutants using 
the lentiviral approach.  Recently we have finished these experiments and generated 
pulled DU145 and PC clones with high level of d.n. IKKα, IKKβ, and IKKε/i expression. 
We have started to characterize these clones to assess the effect of specific IKK mutants 
on basal and inducible NF-kB activity in PC cells. 
 
• Task 9. Determine the proliferation rate of IKK-transfected clones in comparison 

with the proliferation of vector-transfected clones using cell counting and 
colorimetric methylthiazol tetrazolium (MTT) assays.  
Because the expression of d.n. IKKα, IKKβ, and IKKε/i in most of the generated 

transfectants significantly decreased during first 10 passages we did not use them to test 
the effect of IKK on proliferation. Instead we evaluated the effect of chemical inhibitor of 
IKKβ, PS1145 on proliferation using DU145 cells (Budunova et al., 2004, Yemelyanov 
et al., 2004, Yemelyanov et al., 2005). The effect of PS1145 on proliferation was 
assessed by several approaches (Yemelyanov et al., 2005, Fig. 6). MTT test revealed 30-
35% decrease in DU145 cell numbers 48-72 hrs after PS1145 treatment. BrdU labeling of 
DU145 cells confirmed the result of MTT test. The number of BrdU-positive cells (cells 
in S-phase) was decreased by 32±3.25 % in DU145 cell cultures treated with PS1145 for 
72 hrs. The inhibition of proliferation was further confirmed by the decrease of Ki67 
protein expression known to be present in cells in G1, S, G2 and M phases but not in G0 
phase of the cell cycle.  The inhibitory effect of PS1145 on DU145 cell proliferation 
correlated with the change in cell cycle-related gene expression in DU145 cells 
(Yemelyanov et al., 2005, Fig. 9). Using RT-PCR we found that PS1145 decreased 
expression of cyclinD1 and cyclinD2 genes but did not induce significant changes in the 
expression of cyclinB1 and cyclinB2, and Cdks in PC cells, even though some of those 
cell cycle-related genes have been previously reported to be down-regulated by NF-κB 
inhibitors (Yemelyanov et al., 2005, Fig. 9).  
 
• Task 10.  Determine the effect of d.n. IKK transfection on the constitutive and TNF-

α-inducible level of apoptosis using immunoblotting with PARP antibody and 
TUNEL assay. 
For the same reason of instability of transgene expression, we did not use d.n. IKKα, 

IKKβ, and IKKε/i PC clones to study IKK effect on apoptosis. Instead we evaluated the 
effect of chemical inhibitor of IKKβ PS1145 on apoptosis in DU145 cells as well on the 
sensitization of DU145 cells to apoptosis induced by TNF-a (Yemelyanov et al., 2004, 
Yemelyanov et al., 2005). To evaluate the effect of PS1145 on apoptosis in these cells we 
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measured caspase3/7 activity, and used Western blot analysis to assess poly-(ADP-
ribose) polypeptide (PARP) cleavage. We found that treatment of DU145 cells with 
PS1145 for 48 hrs resulted in strong activation of caspase 3/7 in a dose dependent manner 
(Yemelyanov et al., 2005, Fig. 7). Western Blot analysis of caspsase 3/7-dependent 
PARP cleavage also demonstrated that PS1145 induced apoptosis in DU145 cells 48-72 
hr after the beginning of the treatment (Yemelyanov et al., 2005, Fig. 7). Importantly, 
PS1145 sensitized DU145 cells to TNFα-induced apoptosis (Yemelyanov et al., 2005, 
Fig. 7). These data are in line with the previous observations that NF-κB protects 
different cells, including PC cells, against apoptosis induced by TNF-α, and that NF-κB 
blockage by different genetic approaches results in cell sensitization to TNF-α. As 
expected, the expression of well-known NF-κB-dependent anti-apoptotic genes such as 
IAP-1, IAP-2 was significantly decreased in DU145 cells with inhibited NF-κB activity 
(Yemelyanov et al., 2005, Fig. 9). The similar inhibition of those genes was found in PC3 
cells, while we did not find any changes in expression of Bcl-2 and Bax. Our data 
indicated the role of XIAP-associated factor-1 (XAF1), an antagonist of another inhibitor 
of caspase3/7, x-IAP. We found that XIAF1 expression was significantly increased in PC 
cells treated with PS1145 (Yemelyanov et al., 2005, Fig. 9). Unexpectedly, some other 
anti-apoptotic genes have been activated in PC cells after PS1145 treatment. For 
example, the expression of genes that encode caspase-8 (FLICE) inhibitory protein FLIP 
and especially cell death regulator Aven (Peter, 2004) was increased in DU145 cells 
treated with PS1145 (Yemelyanov et al., 2005, Fig. 9).Aven was recently shown to bind 
both Bcl-x(L) and the caspase9 regulator Apaf-1, thus inhibiting mitochondrial apoptosis 
(Chau et al., 2000; Figueroa et al., 2004). Interestingly, the effect of PS1145 on Aven 
expression in PC3 cells, more resistant to PS1145-induced apoptosis, was more 
pronounced than in DU145 cells (data not shown). This may potentially explain known 
higher resistance of PC3 cells to apoptosis induced by NF-κB blockage.  
 
• Task 11. Inject vector-transfected or d.n. IKK-transfected PC3 cells (two clones/per 

construct) subcutaneously  into both flanks of athymic nu/nu mice. Totally we will 
use 40 animals (5 animals/clone, 4 constructs x 2 clones = 8 clones). Monitor bi-
weekly tumor growth and animal weight for 6 months. Evaluate percentage of 
inoculations developing to palpable tumors and growth rate of xenografts.  

 
• Task 12. Terminate animal experiment. Harvest tumor tissues. Evaluate the 

morphology of lesions, expression of transgene (d.n.IKK), NF-κB activity, 
proliferation index and apoptotic index. 

 
The animal experiment has been postponed until new stable PC3 clones with d.n. 

IKKs (obtained after PC cell infection with lentiviruses) will be more characterized in 
vitro. Instead we started the evaluation of the in vivo anti-tumor effect of IKKβ inhibitor  
PS1145 using the orthotopic intraprostatic injections of PC3 cells transfected with GFP 
(green fluorescent protein). The usage of GFP-expressing PC3 cells in this experimental 
model with high frequency of metastatic lesions in the regional lymph nodes should  
allow us to evaluate the effect of IKKβ inhibition on metastatic capability of PC3 cells 
using imaging system. In 2003 Dr. Yemelyanov was trained by Dr. W. Bushman at UW 
School of Medicine to harvest prostate lobes in mice. Thus, we will harvest prostate from 
mice chronically treated with PS1145. We will specifically focus on the effect of PS1145 
on the gene expression in prostate in vivo and will compare the global changes induced 
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by IKKβ inhibitor in prostate cells in vitro and in vivo using DNA arrays .We have 
already finished the analysis of PS1145 effect on gene expression in PC3 cells in vitro, 
and found that inhibition of NF-kB by PS1145 has resulted in significant changes (more 
than two-fold change, with probability >  0.95) of 167 genes, including genes involved in 
the regulation of cell cycle, apoptosis and angiogenesis. The results of gene array were 
validated by quantitative RT-PCR (Yemelyanov et al., 2006, Fig. 9).   
 
• Task 13. Analysis  of data. Manuscript preparation.  
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KEY RESEARCH ACCOMPLISHMENTS (KRAs) FY04 
 

 We have analysed the effect of IKK inhibitor PS1145 on gene expression in PC3 
and DU145 prostate carcinoma cells using gene arrays. The results were validated 
by quantitative RT-PCR.  Totally, the expression of 176 genes was affected by 
IKK2 inhibitor PS1145. 

 
 PS1145 inhibited the expression of   cell cycle-related genes cyclins D1 and D2, 

anti-apoptotic genes IAP-1 and IAP-2, and key angiogenesis gene VEGF. 
 

 To counteract the inhibitory effect of PS1145 on NF-κB, PC cells activated the 
cell survival program and increased the expression of anti-apoptotic genes c-FLIP 
(inhibitor of caspase 8) and death regulator AVEN. 

 
 Evaluation of the effect of PS1145 on different pro-survival signalling pathways 

revealed that PS1145 did not affect activity of stress-activated protein kinases 
SAPK/JNK, inhibited activity of Akt, and activated c-raf/Mek1/2 pathway.  

 
 We compared the effect of two classes of NF-κB inhibitors: proteasome inhibitors 

(MG132, lactacystin epoxomicin) and IKK inhibitors (PS1145 and Bay 11-7082) 
on NF-κB activity and apoptosis  in PC cells. 

 
 Proteasome inhibitors attenuated NF-κB induction in PC cells more efficiently 

than IKK inhibitors. 
 

 Proteasome inhibitors were more effective for early sensitization of PC cells to 
apoptosis induced by TNF-α. 

 
 
REPORTABLE OUTCOMES FY04 
 
Manuscripts 
1. Yemelyanov, A. Gasparian, A.,  Lindholm, P., Dang, L.,  Pierce, J.,  Karsaladze A., 
and Budunova, I.. Effects of IKK inhibitor PS1145 on NF-kB function, proliferation, 
apoptosis and invasion activity in prostate carcinoma cells. Oncogene, 2006, 25(3):387-
298. 
 
Abstracts presented at the national and international meetings 

1. Yemelyanov, A.,  J. Czwornong, J., Chebotaev, D., Karseladze A., Yang X.,  
Budunova I. Expression and function of glucocorticoid receptor in prostate 
carcinomas and PC cells. Keystone Symposium: Hormonal regulation of 
tumorigenesis. February, 2005, Monterey, CA, p. 38. 

2. A. Gasparian, N. Gasparian, A. Yemelyanov, D. Chebotaev, F. Kisseljov, and I. 
Budunova. Targeting NF-κB in prostate carcinoma cells: comparative analysis of 
proteasome and IKK inhibitors.  Keystone Symposium: NF-kB: 20 years on the 
road from Biochemistry to the patient bed. March -23-28, 2006, Fairmont Banff 
Springs, Alberta, Canada, accepted. 
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3. A. Yemelyanov, A. Gasparian, P. Lindholm, L. Dang, F. Kisseljov, A. 
Karseladze, and I. Budunova. Effects of IKK inhibitor PS1145 on NF-κB 
function, proliferation, apoptosis and invasion activity in prostate carcinoma cells. 
Keystone Symposium: NF-kB: 20 years on the road from Biochemistry to the 
patient bed. March -23-28, 2006, Fairmont Banff Springs, Alberta, Canada, 
accepted. 

 
Seminar presentations by P.I. 
 
1. Effect of NF-κB inhibitor PS1145 and glucocorticoids on prostate carcinoma cells. 
Prostate SPORE, R. Lurie Cancer Center, Northwestern University, Chicago, IL, 
September  2004. 
 
2. Targeting NF-κB transcription factor and IKK kinases in prostate carcinoma cells. The 
University of Auckland, School of Medicine-Auckland Cancer Society Research Center, 
Auckland , New Zealand , November 2004. 
 
3. Targeting the transcription factor NF-κB for intervention of prostate and skin cancer. 
Ludwig Institute for Cancer Research and Royal Melbourne Hospital, Melbourne, 
Australia, November 2004. 
 
4. Constitutively active NF-κB transcription factor and IKKβ kinase in human prostate 
carcinoma cells as a possible targets for intervention. Epithelial group seminar series. 
R.Lurie Cancer Center. Northwestern University. December, 2004. 
 
Conclusions. 
 
IKK inhibitor PS1145 strongly affected global gene expression program in PC cells. As 
expected IKK inhibitor inhibited the expression of CyclinD1 and CyclinD2, anti-
apoptotic genes IAP-1 and IAP-2, and the key angiogenesis gene VEGF. These changes 
in gene expression correlated well with the inhibition of PC cell growth and sensitization 
of PC cells to apoptosis induced by TNF-alpha (findings listed in KRAs and in 
publication Yemelyanov et al., 2006). 
 
Unexpectedly, PS1145 activated a cell survival program. It induced the expression of 
several anti-apoptotic genes and activated raf/MEK1/2 signaling. We hypothesized that 
this survival program is induced in PC cells  to counteract the effect of NF-kB blockage.  
 
The comparison of two classes of NF-kB inhibitors : proteasome inhibitors and IKK 
inhibitors revealed that proteasome inhibitors more efficiently inhibit  NF-kB and act as 
more potent sensitizers to apoptosis that IKK inhibitors.    
 
Collaborations for the entire funding period. 

As a continuation of the funded research P.I., Dr. Irina Budunova  has initiated the 
collaboration with Millenium Pharmaceuticals Inc. (Cambridge, MA) to study the effect 
of pharmacological inhibitor of IKKb – PS1145 on PS cell growth, apoptosis and 
invasion. The results of collaboration are reflected in abstracts (Budunova et al., 2004, 
Yemelyanov et al., 2004)  and in the manuscript  (Yemelyanov et al., 1995).  
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In  2003 P.I. initiated collaboration with Dr. P. Lindholm, an Associate Professor at 
the Department of Pathology at Northwestern University to study the effect of IKKβ 
inhibitor PS1145  on PC cell invasion. The results of this collaboration are included in the 
manuscript   published by Yemelyanov et al., Oncogene, 2006 where Dr. Lindholm is a 
co-author.  

In 2003 P.I. became a member of R. Lurie Comprehensive Cancer Center/ 
Northwestern University Prostate SPORE .  In frames of prostate SPORE P.I. is 
collaborating with Dr. O. Volpert , an Assistant professor at the Department of Urology 
at Northwestern University to study the effect of NF-kB blockage on the function of 
androgen receptor. P.I. also started the collaboration with the pathologist Dr. X. Yang, an 
Associate Professor at the Departments of  Pathology and Urology at Northwestern to 
study the expression of IKKs and steroid hormone receptors  in PCs. The results of 
collaboration are reflected in the new DOD grant submission, where Dr. Yang is a co-
P.I..  

P.I. continues collaboration with Dr. A. Karseladze, Chair of the Department of 
Molecular Pathology at N. Blokhin Cancer Research Center (Moscow, Russia) to study 
the expression of NF-kB and IKKs in PCs. The results of collaboration are reflected in 
two  manuscripts (Gasparian et al., 2002, and Yemelyanov et al., 2005) where Dr. 
Karsaladze is a co-author.  
 
Promotions 
During funded period P.I. has moved from AMC Cancer Research Center in Denver (CO) 
to Northwestern University in Chicago and was promoted to the position of Assoiciate 
Professor. Currently P.I. holds the tenure track Associate Professor position at the 
Department of Dermatology, School of Medicine at Northwestern University (Chicago, 
IL).  
 
Additional funding obtained/applied based on the work supported by award 
1. Working on the proposal supported by this award we made unexpected, exciting and 
very important findings that  urged P.I. to extend the  work in the specific direction to 
study a positive feedback loop in NF-kB activation in PC cells through inducible IKK-
related kinase, IKKi.  In 2003  the application “Constitutive activation of NF-κB in 
prostate carcinoma cells through a positive feedback loop: implication of inducible IKK-
related kinase (IKKi) was funded by DOD (DAMD17-03-1-0522  , Budunova -PI). 
 
2. In 2004  P.I. initiated in vitro and in vivo studied  to evaluate the combined effect of  
glucocorticoids and IKK inhibitors on PC cell growth. This research “Combinational 
targeting of NF-kB transcription factor as a novel strategy for apoptosis induction and 
prostate carcinoma treatment” is supported by developmental  project award (to 
Budunova IV)  from Northwestern University Prostate SPORE 5 P50 CA090386-04 (P.I. 
C. Lee). 
 
3. Looking for the combinational therapeutic approaches to block NF-kB in prostate we 
became interested in glucocorticoids. Glucocorticoids are very potent inhibitors of NF-
kB, and their effect is mediated through negative interaction between glucocorticoid 
receptor (GR) and NF-kB on protein-protein level.  In 2005  P.I.  submitted a grant “Role 
of glucocorticoid receptor in prostate tumorigenesis: from experimental studies to clinical 
applications” to DOD (Budunova – P.I.). Project PC050636 (idea development award) 
has not been funded, but has received high priority score, and will be resubmitted after 
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revision to DOD prostate program in 2006. 
 
The Summary of the reportable outcomes for the entire funding period. 
    

1. Three manuscripts were published in peer-reviewed journals. 
2. Eleven  presentations were made at the National and International meetings 

(including two oral presentations at AACR (2001) and Keystone (2005) 
meetings). 

3. Twelve  presentations have been given by P.I. at Universities, Research Institutes 
and Cancer Centers in U.S., Australia and New Zealand. 

4. In frames of the supported by DOD research program P.I. has trained three 
postdoctoral fellows. 

Manuscripts (for the entire period). 
1. Gasparian, A.V., Yao, Y., Kowalczyk, D., Lyakh, L. A., Karseladze, A., Slaga, 

T.J.,and Budunova, I.V. Mechanisms of constitutive NF-κB activation in prostate 
carcinoma cells. Journal of Cell Science, 115: 141-151, 2002. 

2. Gasparian, A.V., Yao, Y.J, Lu, J., Slaga T.J, and Budunova, I.V. Selenium 
compounds inhibit IκB kinase and transcriptional factor NF-κB in prostate cells.  
Molecular Cancer Therapeutics, Mol Cancer Ther.  1(12):1079-87, 2002. 

3. Yemelyanov, A. Gasparian, A.,  Lindholm, P., Dang, L.,  Pierce, J.,  Karsaladze A., 
and Budunova, I.. Effects of IKK inhibitor PS1145 on NF-kB function, proliferation, 
apoptosis and invasion activity in prostate carcinoma cells. Oncogene, 2006, 
25(3):387-98. 

 
Abstracts presented at national and international  meetings (for the entire period). 
1. Gasparian, A. V., Yao, Y. J., Lu, J., Slaga, T. J., and Budunova I. V. 

Chemopreventive properties of Selenium compounds are associated with 
inhibition of IκB kinase and transcriptional factor NF-κB. Proceedings of AACR. 
21supplement: 78, 2001. 

2. Gasparian, A. V., Yao, Y. J., Kowalczyk, D., Slaga, T. J., and Budunova, I. V. 
Mechanism of constitutive NF-κB activation in prostate carcinoma cells. 
Proceedings of AACR. 21: 702, 2001. 

3. Gasparian, A. V., Yao, Y. J., Kowalczyk, D., Slaga, T. J., and Budunova, I. V. 
NF-κB is constitutively activated in prostate carcinoma cells. Abstracts of 
International Symposium: NF-kB regulation, Gene expression and Disease. July 
4-8, 2001, Gent, Belgium, p.17. 

4. Gasparian A.V., Yao Y.J., Lü J., Slaga T.J. and Budunova I.V. Selenium 
compounds inhibit IκB kinase and transcriptional factor NF-κB in prostate cancer 
cells. Keystone Symposium: NF-kB: bench to bedside. February 25-March 3, 
2002, Keystone, Colorado, p. 60. 

5. Gasparian, A. V., Yemelyanov A.Yu., Yao, Y. J., Kowalczyk, D., and Budunova, 
I. V. Prostate carcinoma cells secrete a soluble factor(s) responsible for NF-kB 
activation.  Proceedings of AACR. 43: 364, 2002. 

6. Yao, Y. J., Kowalczyk, D., and Budunova, I. V. Role of IKKe in NF-kappaB 
activation in prostate carcinoma cells.   Proceedings of AACR. 43: 549, 2002. 

7. Gasparian, A. V., Yao, Y. J., Slaga T.J. and Budunova, I. V. High sensitivity of 
prostate carcinoma cell    lines to NF-kB induction.  Proceedings of AACR, 44: 
1451, 2003. 
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8. Yemelyanov, A., Yao, Y.J, and Budunova, I. IKKi is a component of the positive 
feedback loop involved in the constitutive activation of NF-kB in prostate 
carcinoma cells. Proceedings of AACR 44: 852, 2003. 

9. Yemelyanov A., Gasparian A., Dang L.  Pierce  J., Budunova I. IKK-beta specific 
inhibitor PS1145 down-regulates NF-kappaB activity and induces apoptosis in 
prostate carcinoma cell lines. Keystone Symposium: NF-kB: biology and 
pathology. January11-16, 2004, Snowbird, Utah,  p. 59. 

10. Budunova I. , Yemelyanov A., Gasparian A., Dang L., Pierce J. Effect of IKK-
beta specific inhibitor PS1145 on NF-kappaB activity and apoptosis in prostate 
carcinoma cell lines. . Proceedings of AACR 45, 2004. 

11. Yemelyanov, A.,  J. Czwornong, J., Chebotaev, D., Karseladze A., Yang X.,  
Budunova I. Expression and function of glucocorticoid receptor in prostate 
carcinomas and PC cells. Keystone Symposium: Hormonal regulation of 
tumorigenesis. February, 2005, Monterey, CA, p. 38. 

 
Invited talks given by PI (for the entire period). 
1. Selenium compounds inhibit IκB kinase and transcriptional factor NF-κB in prostate 
cancer cells. Chemicon International Inc, Temecula, CA. August, 2001. 
 
2. Selenium compounds inhibit IκB kinase and transcriptional factor NF-κB in prostate 
cancer cells. Lerner Research Institute, Cleveland Clinic Foundation, Cleveland, OH. 
October 2001. 
 
3. Constitutively active NF-κB transcription factor in prostate carcinoma cells as a 
possible target for intervention. Graduate Program in Cell and Molecular Biology, 
Colorado State University, Fort Collins, CO. November 2001. 
 
4. NF-κB transcription factor and IKK kinases in prostate carcinoma cells as a possible 
target for intervention. Grand rounds, Department of Pathology, School of Medicine at 
the University of Colorado. Denver, CO. November 2001. 
 
5. NF-κB transcription factor and IKK kinases in prostate carcinoma cells as a possible 
target for intervention. UT M.D. Anderson Cancer Research Center, Department of 
Carcinogenesis, Smithville, TX.  January 2002. 
 
6. Constitutively active NF-κB transcription factor in prostate carcinoma cells as a 
possible target for intervention. Basic Science Conference, Division of Medical 
Oncology, University of Colorado Health Sciences Center, Denver, CO. February 2002. 
 
7. Constitutive activation of NF-kB in prostate carcinoma cells: possible role of feedback 
loops. Prostate Cancer Research Group meeting, UCHSC, Denver, CO, July, 2002.  
 
8. Constitutive activation of NF-kB in prostate carcinoma cells: possible role of feedback 
loops. Department of Urology, Northwestern University, Chicago, IL, September 2003. 
 
9. Effect of NF-kB inhibitor PS1145 and glucocorticoids on prostate carcinoma cells. 
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Prostate SPORE, R. Lurie Cancer Center, Northwestern University, Chicago, IL, 
September  2004. 
 
10. Targeting NF-kB transcription factor and IKK kinases in prostate carcinoma cells. 
The University of Auckland, School of Medicine-Auckland Cancer Society Research 
Center, Auckland , New Zealand , November 2004 
 
11. Targeting the transcription factor NF-kB for intervention of prostate and skin cancer. 
Ludwig Institute for Cancer Research and Royal Melbourne Hospital, Melbourne, 
Australia, November 2004. 
 
12. Constitutively active NF-κB transcription factor and IKKb kinase in human prostate 
carcinoma cells as a possible targets for intervention. Epithelial group seminar series. 
R.Lurie Cancer Center. Northwestern University. December, 2004. 
 
Training of postdoctoral fellows. 
In frames of the supported by DOD research program P.I. has trained three postdoctoral 
fellows: 

1. Dr. Alexander Gasparian, 1999-2001, at AMC Cancer Research Center, 
Denver, CO 

Current Position: Senior Scientist , National Cancer Research Center, Moscow, 
Russia, 115478.  
Dr. Gasparian is a group leader with independent extramural funding.  
Research focus: cell signaling in prostate tumorigenesis, NF-kB –targeted  prevention 
and treatment of prostate cancer 
2. Dr. Alexander Yemelyanov, 2001-2003, AMC Cancer Research Center, Denver, 

CO 
Current position: Research Associate, Department of Dermatology, NU, Chicago, 
IL, 60611 
Research focus: cell signaling in prostate tumorigenesis, NF-kB – and GR-targeted  
prevention and treatment of prostate cancer. 
3. Dr. Dmitry Chebotaev, 2003- present, Department of Dermatology, NU,  
Chicago, IL. Still in training. 
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Supplemental Fig. 1. Expression of IKKαααα, IKKββββ and IKKεεεε/i in PC cell lines. Northern blot 
analysis of IKKαααα, IKKββββ and IKKεεεε/i  expression in untreated prostate cells. Cells were harvested at 
75% confluence and total RNA was isolated and used for Northern blot analysis. Abbreviations for 
prostate cells:  PrEC – normal epithelial prostate primary cultures ,LNCaP and MDA PCa 2b  are all 
androgen-dependent; CL2, JCA1, PC3, and DU145 are androgen-independent PC cell lines. 
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Supplemental Fig. 2. Induction of IKKεεεε/i in PC cells by cytokines. 
A. Northern blot analysis of IKKi induction in PC cell lines.  LNCaP, DU145 and PC3 cells were 
treated with TNF-α (7.5 ng/ml) and harvested at the indicated time points. Northern blots containing 
total RNA were probed for expression of IKKi. 
B. Analysis of IKKi induction by immunostaining. PC3 cells were treated with IL-1α (7 ng/ml) for 
indicated time, fixed in cold acetone, blocked with 20% goat serum in PBS, and incubated with primary 
polyclonal Ab against  IKKi (Imgenix).  
Note: intensive nuclear IKKi immunostaining in PC3 cells activated with IL-1α for 6 hrs  (Fig. 2B, 
central panel). 
C. Western blot analysis of IKKεεεε/i induction in PC3 cells. PC3 cells were treated with IL-1α (7 
ng/ml) and harvested at indicated time points. Western blots containing whole cell protein extracts (10 
µg/lane) were probed for expression of IKKi using Ab against  IKKi (Imgenix).   
Note: only androgen-independent PC cells express IKKe/i. 
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Supplemental Figure 3. Effect of IKKεεεε/i d.n. and IKKεεεε/i w.t.  on the constitutive activity of kB-
luciferase reporter in human  PC cell lines.  Prostate cells were co-transfected with kB-luciferase 
reporter (Fireflight luciferase (FL) under promoter with three copies of conventional kB site (Clontech), 
pRLnull construct  - Renila luciferase (RL) under minimal promoter ( Promega), IKKe/i d.n. mutant 
(K38A) or IKKe/i w.t.     with Tfx-50 reagent.  Luciferase activity was measured 24 hr after transfection 
in untreated prostate cells by dual luciferase assay. FL activity was normalized against RL activity to 
equalize for transfection efficacy.  The data are presented as fold change compared to the corresponding 
prostate cells  transfected with kB-luciferase reporter  and pRLnull only. 
 
Prostate cells descriptions as in the legend for the Fig. 1. CL1- is an LNCaP androgen-independent 
clone. 
Note: IKKi w.t. expression resulted in the increased NF-kB activity in all androgen-independent cells.   
The expression  of IKKi d.n. mutant resulted in the decreased NF-kB activity in all androgen-
independent cells.   
20
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Supplemental  Figure 4.  4.  4.  4.     p50    expression in BPH and PC tissues. 
Formalin fixed paraffin embedded BPH and PC tissues were used for immunostaining. The 
immunostaining was performed with Envision+ System-HRP (DAB) kit according to the 
manufacturer’s protocol (DakoCytomation, Carpenteria, CA). After Ag retrieval in a pressure cooker 
in citric buffer (pH 6.0) , tissue sections were blocked with 20% goat serum in PBS, and consequently 
incubated with primary polyclonal Ab against  p50  (Santa Cruz) followed by the secondary anti-rabbit 
IgG reagent provided with the Envision+ System-HRP (DAB) kit.  
 
Note: Predominant cytoplasm p50 staining with some positive nuclei in both BPH and PC. 
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Supplemental Figure  5 . ΙΚΚ  5 . ΙΚΚ  5 . ΙΚΚ  5 . ΙΚΚ expression in BPH and PC tissues 
Formalin fixed paraffin embedded tissues were used for immunostaining. The immunostaining was 
performed with Envision+ System-HRP (DAB) kit according to the manufacturer’s protocol 
(DakoCytomation, Carpenteria, CA). After Ag retrieval in a pressuire cooker in citric buffer (pH 6.0) , 
tissue sections were blocked with 20% goat serum in PBS, and consequently incubated with primary 
polyclonal Ab against  IKKα Ab (Santa), IKKβ (Imgenix), and IKKe/i (Imgenix) followed by the 
secondary anti-rabbit IgG reagent provided with the Envision+ System-HRP (DAB) kit.  
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Supplemental Figure  6 . ΙΚΚ  6 . ΙΚΚ  6 . ΙΚΚ  6 . ΙΚΚα α α α and p52  expression in  PC tissues 
Serial sections of formalin fixed paraffin embedded tissues were used for immunostaining. The 
immunostaining was performed with Envision+ System-HRP (DAB) kit according to the 
manufacturer’s protocol (DakoCytomation, Carpenteria, CA). After Ag retrieval in a pressure cooker 
in citric buffer (pH 6.0) , tissue sections were blocked with 20% goat serum in PBS, and consequently 
incubated with primary polyclonal Ab against  IKKα Ab (Santa Cruz) or p52 (Santa Cruz) followed by 
the secondary anti-rabbit IgG reagent provided with the Envision+ System-HRP (DAB) kit.  
Note: the similar pattern of  localization of p52 and IKKα  in prostate carcinoma. 
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Supplemental Figure 7. Northern blot analysis of   IKKαααα and IKK ββββ expression 
in BPH and PCs.  
 
Total RNA was isolated from freshly frozen  BPH and PC samples (samples were obtained from 
prostate SPORE core) using TRI reagent (Molecular Research Center) and subjected to Northern 
blotting.   RNA was loaded at 30 µg/lane, resolved in 1% agarose-6% formaldehyde gel, tranferred to 
nilon membranes and probed for IKKα and IKKβ. The DNA probes were prepared by random-primed 
reactions using the complete coding sequence of human  for IKKα and IKKβ cDNAs (ATCC).  
Samples 1-3 – PCs; samples 4-7 – BPH.  
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Supplemental Figure 8.  Northern blot analysis of   IKKββββ d.n. mutan
expression in PC3 clones and  its effect on IκκκκBα α α α  expression.  
 
PC3 cells were stably transfected with IKKβ d.n. mutant under CMV promoter. After s
antibiotic G418,  eighteen  IKKβ d.n clones and several vector transfected PC3 cells (C
to 70% confluency. Cells were harvested.  RNA was isolated as described in Fig. 7. Th
level of the mutant was assessed by Northern blotting using the complete coding seque
IKKβ cDNA (ATCC).  To assess the  effect of IKKβ on IκBα  expression, the same m
reprobed with complete coding sequence of human  IκBα .  
Note that the clones with highest level of IKKb d.n. expression (clones # 1, 6, and 15 m
arrows)  express low level of  IκBα mRNA.  
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Supplemental Figure 9.  Northern blot analysis of   IKKεεεε/i d.n. mutant 
expression in PC3 cells and  its effect on IκκκκBα α α α  expression.  
 
PC3 cells were stably transfected with IKKε d.n. mutant under CMV promoter. After selection with 
antibiotic G418,  six IKKε  d.n clones and several vector transfected PC3 cells (C)  were  grown to 
70% confluency. Cells were harvested, and RNA was isolated as described in Fig. 7. The expression 
level of the mutant was assessed by Northern blotting using the complete coding sequence of human  
IKKε cDNA (ATCC).  To assess the  effect of IKKε on IκBα  expression, the same membrane was 
reprobed with complete coding sequence of human  IκBα . Note that the clone with highest level of 
IKKε d.n. expression (clone # 5  marked by arrows)  expresses  low level of  IκBα mRNA.  
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NF-kappaB PC3 cell line stably expressing IKKi d.n. 
 
 

 
NF-kappaB PC3 cell line stably expressing IKKbeta d.n. 
 
Supplemental Figure 10 . Effect of IKKεεεε/i d.n. and IKKββββ d.n. on the constitutive and inducible 
activity of kB-luciferase reporter in PC cells.   
PC3 cells were stably transfected with IKKε/i (A) and IKKβ d.n. (B) mutants. Clones with the highest level 
of transgene expression  (see Figs 8 and 9) were used for transient transfections.  PC3  cells were co-
transfected with kB-luciferase reporter (Fireflight luciferase (FL) under promoter with three copies of 
conventional kB site ( Clontech), pRLnull construct (Renila luciferase (RL) under minimal promoter 
(Promega)  with Tfx-50 reagent.  24 hrs after transfection, cells were treated with  LPS (1 µg/ml)  or 
TNFα (7 ng/ml)  for the additional 24 hrs.  In  “cDNA group”  cells were treated  with vehicle only,  and 
used to study the trangene effect on basal NF-kB activity.  Luciferase activity was measured in prostate 
cells by dual luciferase assay. FL activity was normalized against RL activity to equalize for transfection 
efficacy.  The data are presented as fold change compared to control PC3 cells transfected with empty  
vector (PL6 cells). 
 
Note: both IKKε/i and IKKβ d.n. mutants strongly  inhibited basal and inducible NF-kB activity. 
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Supplemental Table 1. NF-kB induction in PC cells with low and high basal NF-kB 
activity. 
 

CELL LINE 
 

BASAL κκκκB 
BINDING ** 

κκκκB BINDING INDUCTION *** 
 

TNF-αααα             TPA               LPS 
PrEC* 
 Low 

    +++      +++     +++ 

LNCaP 
 

Low     +++     ++     - 

MDA PCa 2b 
 

Low     +++     +++     +++ 

DU145 
 

High     +++     -     +++ 

PC3 
 

High     +     +++     ++ 

 
 
* PrEC – normal prostate epithelial cells 
 
** Basal kB binding activity was evaluated by EMSA (as described in Gasparian et al., 
2002, Fig. 1). Inducible kB binding was evaluated by EMSA in cells treated with TNF-a 
(7.5 ng/ml), TPA (1 µg/ml) or LPS (1 µg/ml) for 30-60 min. 
 
 
 



Introduction
The signaling pathways that regulate cell proliferation, survival
and transformation are of prime interest in cancer biology.
Recently, the Rel/NF-κB transcription factors, the known
regulators of immune and inflammatory responses, have been
found to be critically important for control of cell proliferation,
apoptosis and tumor development (Rayet and Gelinas, 1999).
The Rel/NF-κB transcription factors are homo- and
heterodimers consisting of proteins from the Rel/NF-κB
family. In mammals the Rel/NF-κB family includes five
proteins: NF-κB1 (p50/105), NF-κB2 (p52/100), RelA (p65),
RelB and c-Rel. In unstimulated cells NF-κB is sequestered in
the cytoplasm by inhibitory molecules, IκBα, IκBβ, IκBε, as
well as precursors of NF-κB1 and NF-κB2, proteins p105 and
p100. Most agents that activate NF-κB employ a common
pathway based on the phosphorylation of the two N-terminal
serine’s in IκBs, with subsequent ubiquitination and
degradation of these proteins by the 26S proteasome
(Whiteside and Israel, 1997; Heissmeyer et al., 1999). The
released NF-κB factors then translocate to the nucleus and
activate transcription of κB-responsive genes. Signal-induced
phosphorylation of IκBs is executed by a 900 kDa complex
called ‘signalosome’ containing two inducible IκB kinases
IKK α and IKKβ, as well as several structural proteins (Zandi
et al., 1997; Yamaoka et al., 1998) 

Several lines of evidence suggest that aberrant NF-κB

regulation is associated with oncogenesis in mammalian
systems. Amplification, overexpression or rearrangement of all
genes coding for Rel/NF-κB factors with exception of RelB
have been found in leukemias and lymphomas (Rayet and
Gelinas, 1999). Constitutive activation of NF-κB is a common
characteristic of many cell lines from hematopoietic and solid
tumors (Rayet and Gelinas, 1999; Baldwin, 1996; Wang et al.,
1999; Dejardin et al., 1999; Bours et al., 1994; Nakshatri et al.,
1997; Sovak et al., 1997; Visconti et al., 1997, Palayoor et al.,
1999; Duffey et al., 1999; Barkett and Gilmore 1999). The
blockage of NF-κB activity in carcinoma cell lines by different
approaches dramatically reduced their ability to form colonies
in agar and reduced their growth in vitro and in vivo (Visconti
et al., 1997; Duffey et al., 1999). It is important that NF-κB
also plays a key role in cell protection against diverse apoptotic
stimuli including chemotherapeutic drugs and γ-irradiation
through activation of the anti-apoptotic gene program in cells
(Barkett and Gilmore, 1999).

In spite of the growing evidence of the important role of NF-
κB in tumorigenesis and resistance to chemotherapy, only a
few attempts have been made to analyze the mechanisms of
constitutive activation of NF-κB in transformed cells. It was
found that mechanisms involved in NF-κB activation in tumor
cell lines could be different, and include increased expression
of NF-κB proteins, especially p50 and p52, mutations and
deletions in IκBα gene and increased IκBα turnover
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Rel/NF-κB transcription factors are implicated in the
control of cell proliferation, apoptosis and transformation.
The key to NF-κB regulation is the inhibitory IκB proteins.
During response to diverse stimuli, IκBs are rapidly
phosphorylated by IκB kinases (IKKs), ubiquitinated and
undergo degradation. We have investigated the expression
and function of NF-κB, IκB inhibitors and IKKs in normal
prostate epithelial cells and prostate carcinoma (PC) cell
lines LNCaP, MDA PCa 2b, DU145, PC3, and JCA1. We
found that NF-κB was constitutively activated in human
androgen-independent PC cell lines DU145, PC3, JCA1 as
well as androgen-independent CL2 cells derived from
LNCaP. In spite of a strong difference in constitutive κB
binding, Western blot analysis did not reveal any significant
variance in the expression of p50, p65, IκBs, IKK α, and

IKK β between primary prostate cells, androgen-dependent
and androgen-independent PC cells. However, we found
that in androgen-independent PC cells IκBα was heavily
phosphorylated and displayed a faster turnover. Using
an in vitro kinase assay we demonstrated constitutive
activation of IKK in androgen-independent PC cell lines.
Blockage of NF-κB activity in PC cells by dominant-
negative IκBα resulted in increased constitutive and TNF-
α-induced apoptosis. Our data suggest that increased IKK
activation leads to the constitutive activation of NF-κB
‘survival signaling’ pathway in androgen-independent PC
cells. This may be important for the support of their
androgen-independent status and growth advantage.

Key words: NF-κB, IκBα phosphorylation, IKK, Prostate cancer 
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(Devalaraja et al., 1999; Krappmann et al., 1999; Budunova et
al., 1999; Rayet and Gelinas, 1999).

The aim of this study was to develop a comprehensive and
detailed picture of changes in basal NF-κB activity in a panel
of prostate cells including primary prostate epithelial cells and
six prostate carcinoma (PC) cell lines, and to elucidate the
molecular mechanisms that could account for the NF-κB
activation in PC cells, including the level of expression of
Rel/NF-κB proteins, mutations in the IκBα gene, and IκBα
turnover. Our results indicate that NF-κB is constitutively
activated in human androgen-independent PC cells. We did not
reveal any significant differences in the expression of various
NF-κB and IκB proteins or IκBα mutations in any of the
examined cell lines. Instead, in androgen-independent PC cells
IκBα was heavily phosphorylated and displayed a shorter
half-life. Our results indicate that aberrant IKK activation in
androgen-independent PC cells leads to the constitutive
activation of NF-κB ‘survival signaling’ pathway, possibly
contributing to their growth advantage.

Materials and Methods
Cell cultures and treatments
LNCaP, MDA PCa 2b, DU145 and PC3 cells were purchased from
American Type Culture Collection (Rockville, MD), JCA1 cells
(Muraki et al., 1990) were received from O. Rokhlin (University of
Iowa, Iowa City, IA). The androgen-independent CL2 cells derived
from LNCaP cells via an in vitro androgen deprivation, were received
from A. Belldegrun (Jonsson Comprehensive Cancer Center,
University of California, Los Angeles, CA). Primary prostate
epithelial cells were purchased from Clonetics Corporation
(Walkersville, MD). LNCaP, CL2, DU145, PC3 and JCA1 were
cultured in RPMI 1640 medium (Gibco BRL Life Technologies,
Rockville, MD) supplemented with 10% FBS (HyClone, Logan, UT),
1 mM sodium pyruvate (Sigma Chemical Co., St Louis, MO), 0.1 mM
β-mercaptoethanol (Sigma) and antibiotics. Primary prostate
epithelial cells and MDA PCa 2b were cultured in the media and under
conditions recommended by ATCC and Clonetics Corporation
accordingly. Cells at 80% confluency were treated with 10 µg/ml
cycloheximide (CHX) (Biomol Research Laboratories, Inc.,
Plymouth, PA), 7.5 µg/ml MG132 (Biomol Research Laboratories
Inc.) or 3.2 µg/ml 15-deoxy-∆12–14-prostaglandin J2 (Cayman
Chemical Company, Ann Arbor, MI).

Preparation of cellular extracts and electrophoretic mobility
shift and supershift assays (EMSA and EMSSA)
Nuclear and cytosolic proteins were isolated as described previously
(Lyakh et al., 2000). The binding reaction for EMSA contained 10
mM Hepes (pH 7.5), 80 mM KCl, 1 mM EDTA, 1 mM EGTA, 6%
glycerol, 0.5 µg of poly(dI-dC), 0.5 µg of sonicated salmon sperm
DNA, [γ-32P]-labeled (2-3×105 cpm) double-stranded κB-consensus
oligonucleotide (Promega Corp., Madison, WI), [γ-32P]-labeled (2-
3×105 cpm) double-stranded oligonucleotide representing Sp1-
consensus binding site (Santa Cruz Biotechnology, Santa Cruz, CA),
and 5-10 µg of the nuclear extract. DNA-binding reaction was
performed at room temperature for 30-45 minutes in a final volume
of 20 µl. For EMSSA antibodies against p65 (sc-109X), p50 (sc-
114X), p52 (sc-298X), c-Rel (sc-71X) or RelB (sc-226X), were added
30 minutes after the beginning of reaction, and incubation was
continued for an additional 30-45 minutes. All antibodies were from
Santa Cruz Biotechnology (Santa Cruz, CA). DNA-protein complexes
were analyzed on 6% DNA retardation gels (Novex, Carlsbad, CA).
Dried gels were subjected to radiography.

Western blot analysis
Proteins were resolved by electrophoresis on 10-12.5% SDS-PAAGs
and transferred to Immobilon-P membrane (Millipore Corporation,
Bedford, MA). Polyclonal anti-p50 (# 06-886), anti-p52 (# 06-413)
anti-c-Rel (# 06-421) antibodies were from Upstate Biotechnology
(Lake Placid, NY). Anti-p65 (sc-372), anti-RelB (sc-226) anti-IκBα
(sc-371), anti-IκBβ (sc-946), anti-IκBε (sc-7156) or anti-IKKα/β (sc-
7607) antibodies were from Santa Cruz Biotechnology (Santa Cruz,
CA). Anti-phospho-Ser32 IκBα Ab was from Cell Signaling
Technology Inc. (Beverly, MA). Anti-PARP Ab was from
PharMingen (San Diego, CA). Membranes were blocked with 5%
nonfat milk in TBST buffer and incubated with primary antibodies for
1.5 hours at room temperature. Anti-Phospho-Ser32 IκBα Ab
required 6 hours incubation at 34°C. Peroxidase-conjugated anti-
rabbit IgG (Sigma) was used as a secondary antibody. ECL Western
blotting detection kit (Amersham Pharmacia Biotech, Sweden) was
used for protein detection. The membranes were also stained with
Ponceau Red to verify that equal amounts of proteins were loaded and
transferred. 

Pulse-chase analysis of IκBα degradation
Metabolic labeling of cells was performed as described previously
(Krappmann et al., 1999). Protein extracts were prepared at the
indicated time points. Cells were washed twice with cold PBS and
lysed in TNT buffer (20 mM Tris, pH 8.0, 200 mM NaCl, 1% Triton
X-100) with protease inhibitors as described previously (Lyakh et al.,
2000). Lysates were incubated on ice for 15 minutes and then
centrifuged for 5 minutes at 13,000 g. Supernatant was used for
immunoprecipitation. Immunoprecipitation of 400 µg of the total
protein in 3 ml of TNT buffer was performed using IκBαN (#1309)
antiserum (a generous gift from N. Rice, NCI, Frederick, MD). Two
hours later 20 µl of protein A-sepharose 4B (Sigma Chemical Co.) in
TNT buffer were added to each sample and incubated with gentle
rotation overnight. Then sepharose beads were washed 5 times with
ice-cold TNT buffer and boiled for 5 minutes in SDS-loading buffer.
The supernatant was resolved by SDS-PAAG followed by transfer to
Immobilon-P membrane (Millipore Corporation). 

In vitro IKK activity assay
Unstimulated prostate cells and LNCaP cells treated with TNF-α (7.5
ng/ml) were lysed in TNT buffer with protease inhibitors.
Immunoprecipitation of 450 µg of total protein was performed with
1 µl of rabbit IKKα (#1997) and IKKβ (#4137) antisera (a kind gift
of N. R. Rice, NCI, Frederick, MD), as described for pulse-chaise
assay. Immunoprecipitate was washed three times in TNT buffer with
protease inhibitors and twice with kinase buffer without protease
inhibitors. Kinase reaction was performed in kinase buffer (20 mM
Hepes, pH 7.4, 2 mM MgCl2, 2 mM MnCl2), containing 2 µCi of [γ-
32P]ATP and IκBα peptide (1-54) that has only Ser32 and Ser36 sites
of phosphorylation (Boston Biologicals Inc., Boston, MA) as a
substrate for 30 minutes at 30°C. Then 2× Tricine/SDS sample buffer
(Novex, Carlsbad, CA) was added to each reaction, samples were
boiled and subjected to PAAG on 10-20% gradient tricine PAAG
(Novex). Gels were dried and exposed to film with an intensifying
screen at –70°C.

IκBα cDNA sequencing
IκBα cDNA was obtained by RT-PCR from total RNA using
previously described primers and conditions (Emmerich et al., 1999)
except the modification in sense primer in the fourth pare of primers.
We used the primer: 5′-GCTCAGGAGCCCTGTAATGGCC-
GGACTG-3′. PCR products were resolved on 1.5% agarose gel,
extracted by QIAquick gel extraction kit (Qiagen Inc., Valencia, CA)
and subjected to direct sequencing.

Journal of Cell Science 115 (1)
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Transfection of cell lines and luciferase activity
Prostate cells were plated on 35 mm dishes and at 50% confluence
were co-transfected by Tfx-50 reagent (Promega Corp.) with the
following constructs: κB-luciferase reporter – Fireflight luciferase
(FL) under promoter with three copies of conventional κB site
(Clontech Laboratories Inc., Palo Alto, CA); pRL-null construct –
Renilla luciferase (RL) under minimal promoter (Promega);
MMTV.luciferase reporter – Fireflight luciferase (FL) under control
of MMTV promoter (Clontech); kinase-inactive mutants of either
IKK α (IKK αK44M) or IKKβ (IKK βK44M) which work in
dominant-negative (d.n.) fashion; and IκBα d.n. mutant. Plasmids
with IKK mutants were described earlier (Mercurio et al., 1997) and
kindly provided by F. Mercurio (Signal Pharmaceutical Inc., San
Diego, CA). Plasmid with the IκBα d.n. mutant lacking serine 32 and
serine 36 (Van Antwerp et al., 1996) was a kind gift of I. Verma (Salk
Institute, San Diego, CA). Tfx-50 reagent (2.25 µl/µg of plasmid
DNA) and the plasmid DNAs (all at a dose of 2 µg/dish) κB.Luc,
pRL-null, IKKα d.n., IKKβ d.n., and IκBα d.n. were added to the
dishes in antibiotic-free, serum-free medium. 24 hours after
transfection, prostate cells were harvested in the lysis buffer and the
luciferase activity was measured by dual luciferase assay (Promega)
as recommended by the manufacturer. FL activity was normalized
against RL activity to equalize for transfection efficacy.

Northern blot analysis
Total RNA from freshly harvested cells was isolated by TRI reagent
(Molecular Research Center Inc., Cincinnati, OH) and subjected to
northern blotting. 20 µg of total RNA was resolved in a 1%
agarose/6% formaldehyde gel. The RNA was transferred to nylon
membranes and probed for IκBα and IL-6. The membranes were also
hybridized with a 7S RNA probe to verify that equal amounts of RNA
were loaded and transferred. The DNA probes were prepared by
random-primed reactions using the complete coding sequence of
human IκBα and IL-6 cDNAs (ATCC, Rockville, MD).

P65 immunostaining of prostate tumors
Prostate tissues were obtained from white male patients at the age 40-
82 years during biopsy or surgery to remove prostate tumors. Paraffin
sections of formalin-fixed prostate carcinoma samples with verified
diagnosis and surrounding normal tissues were used for
immunostaining. After microwave Ag retrieval and blocking with 5%
nonfat milk in PBS, tissues were incubated with primary rabbit
polyclonal p65 Ab (Santa Cruz Biotechnology, Santa Cruz, CA)
followed by secondary biotinylated anti-rabbit IgG. Immunostaining
was visualized with streptavidin-alkaline phosphatase/histo mark red
reagent (Kirkegaard & Perry, Gaithensburg, MD). Sections were
counterstained in Mayer’s hematoxylin.

Adenovirus infection and apoptosis detection
Prostate cells were plated on 35 mm dishes and at 50% confluence
were infected with type 5 recombinant Adenovirus (AdV) construct
AdV-d.n.IκBα encoding green fluorescent protein (GFP) and mutant
human IkBα protein with substitution of serines 32 and 36 to alanines
(32A36A) or adenovirus encoding only GFP (AdV-control). AdV-
d.n.IkBα virus with deletions of E1 and E3 was generated using the
AdEasy1 system. AdEasy1 system was a generous gift of T.-C. He
(The Howard Hughes Medical Institute, Baltimore, MD) (He et al.,
1998). Mutations of IkBα were constructed by site-directed
mutagenesis with the Bio-Rad Muta-Gene Phagemid In Vitro
Mutagenesis system (Bio-Rad Laboratories, Hercules, CA) as
described (Whiteside et al., 1995). IkBα mutant has an N-terminal tag
(ADRRIPGTAEENLQK) derived from the Equine Infectious Anemia
Virus (EIAV) tat protein. Control E1/E3-deleted AdV 5 with GFP
(AdV-control) was purchased from Quantum Biotechnologies

(Montreal, QC, Canada). Adenoviruses were purified by CsCl
gradient centrifugation. Cells were infected with adenoviruses (109

vp/dish) in 700 µl of medium with 0.5% serum overnight. 24 hours
after infection cells were treated with 7.5 ng/ml TNF-α (R&D
Systems, Minneapolis, MN) for 10 hours. Apoptosis was determined
morphologically by counting the number of blebbing cells out of 200
fluorescent cells per slide. In addition, we used PARP proteolysis to
determine apoptosis. Adherent cells and detached floaters were
combined for whole-cell protein extract preparations. PARP cleavage
was estimated by western blot analysis with PARP antibody
(PharMingen, San Diego, CA). 

Data in all figures are shown as results of the representative
experiments. All experiments were repeated at least three times.

Results
NF-κB is constitutively activated in PC androgen-independent
cell lines In the present study we compared NF-κB function in
primary prostate epithelial cells, and androgen-dependent and
androgen-independent PC cell lines, which in a way represent
sequential stages of prostate tumor development towards
hormone-independent growth.

To evaluate NF-κB DNA-binding activity, we performed
an electrophoretic mobility shift assay (EMSA) using nuclear
protein extracts. We found a strong increase of κB DNA-
binding in androgen-independent DU145, PC3 and JCA1 cell
lines compared with normal prostate epithelial cells and
androgen-dependent LNCaP and MDA PCa 2b cells (Fig.
1A). It is important to note that κB DNA-binding was higher
in androgen-independent CL2 cells derived from androgen-
dependent LNCaP cells via an in vitro androgen deprivation
(Fig. 1A). Significantly, the level of NF-κB binding in
androgen-independent cells was similar to one in LNCaP
cells treated with TNF-α (Fig. 1A, last lane). To rule out
the general effects that some transcriptional regulators in
androgen-independent PC cells have in κB-binding, we
performed EMSA with Sp1 oligonucleotide. As shown in Fig.
1C, Sp1 binding activity did not correlate with androgen-
dependence of growth. It was equally low in androgen-
dependent LNCaP cells, their androgen-independent
counterpart CL2, and androgen-independent DU145 cells.
By contrast, Sp1 binding was much higher in androgen-
dependent MDA PCa 2b cells and in androgen-independent
JCA1 cells. Thus, NF-κB was specifically upregulated in
androgen-independent PC cells. 

Analysis of nuclear κB-binding complexes was done using
electrophoretic mobility super shift assay (EMSSA). As shown
in Fig. 1B, the incubation of nuclear extracts from PC3 cells
with anti-p50 antibody removed both complexes while
incubation of extracts with anti-p65 antibody removed only the
upper complex. Similar results were obtained by EMSSA for
other PC cells (data not shown). Incubation of extracts with
anti-p52, anti-c-Rel, and anti-RelB antibodies did not affect
complex mobility, although those antibodies properly worked
in EMSSA with positive control samples (data not shown). In
addition, western blot analysis showed the lack of c-Rel and
RelB protein expression in normal and malignant prostate cells
(data not shown). Thus, in all studied prostate cells the
constitutive complexes were represented by p65/p50 and
p50/p50 dimers.

To study NF-κB functional activity we performed transient
transfection of primary prostate epithelial cells obtained from
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two different donors and several PC cell lines with exogenous
κB-responsive gene, κB-luciferase reporter. The results of
these experiments presented in Fig. 2A, in general correlated
well with the EMSA results: the basal activity of κB reporter
was much higher in androgen-independent PC3 and JCA1 cells
than in primary prostate cells and LNCaP cells.

We also evaluated the expression of κB-responsive
endogenous genes IκBα and IL-6 genes which are tightly
regulated by NF-κB in different cells and contain several κB-
binding sites in the promoter region (Le Bail et al., 1993;
Zhang et al., 1994). As expected, the results of northern blot
analysis demonstrated high constitutive levels of IκBα and IL-
6 mRNA expression in androgen-independent DU145 and PC3
cells (Fig. 2B). The levels of IκBα and IL-6 mRNA expression
in JCA1 cells were comparable with those in androgen-
dependent cells possibly due to the absence of some other
factors necessary for transcription of these genes in JCA1 cells.

To extend our observation of increased NF-kB activity in PC
cells lines, we performed p65 immunostaining of ten samples
of human PC obtained during biopsy and two samples of PC
with apparently normal surrounding prostate tissues obtained
during prostatectomy. The results clearly showed that p65 was
overexpressed in the epithelial component of tumors in

comparison with the surrounding tissues. Moreover, p65 was
localized both in cytoplasm and in the nuclei of cells in PC:
23±8% of nuclei in PC were p65-positive compared to

Journal of Cell Science 115 (1)

Fig. 1.Analysis of constitutive κB DNA-binding in human
primary prostate cells and PC cell lines. (A) EMSA
analysis of κB-binding. PrEC, normal epithelial prostate
primary cultures; LNCaP and MDA PC 2b are androgen-
dependent cell lines; CL2 (derived from LNCaP cells),
JCA1, PC3 and DU145 are androgen-independent PC cell
lines. Nuclear proteins (10 µg/reaction) from untreated

cells and LNCaP cells treated with TNF-α were used for electrophoretic mobility shift assay (EMSA). Composition of dimers is indicated. Data
are shown for one representative experiment. (B) Identification of nuclear κB-binding complexes by EMSSA. Nuclear proteins from PC3 cells
were incubated with a labeled κB oligonucleotide and antibodies against p50 and p65 proteins. DNA binding activity was analyzed by EMSA.
Composition of dimers is indicated. (C) EMSA analysis of Sp1-binding. Nuclear proteins (10 µg/reaction) from the same cells as in Fig. 1A,
were used for EMSA with Sp1 oligonucleotide. Composition of dimers is indicated. Data are shown for one representative experiment.

Fig. 2.Analysis of constitutive NF-κB transcriptional activity in
human primary prostate cells and PC cell lines. (A) Constitutive
activity of κB-luciferase reporter. Prostate cells were cotransfected
with κB-luciferase reporter and pRL-null construct. Luciferase
activity was measured 24 hours after transfection in untreated
prostate cells by dual luciferase assay. Data are shown as FL/RL ratio
for one representative experiment. (B) Northern blot analysis of
constitutive IκBα and IL-6 genes expression. Northern blots
containing total RNA (20 µg/lane) from untreated normal prostate
and PC cells were probed for expression of IκBα and IL-6 genes.
The membranes were also hybridized with a 7S RNA probe as a
control for equal RNA loading. 
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10.5±0.7% of nuclei in normal tissues (Table 1). Translocation
of p65 to the nucleus strongly suggests that NF-κB is activated
in prostate tumors. Unfortunately hormone-dependence of
tumors could not be assessed because we used biopsies and
surgically removed PC tissues from untreated patients.

Activation of NF-κB in PC cell lines is not caused by
changes in NF-κB and IκB expression or structure
As a first step to elucidate the mechanism(s) leading to the NF-
κB activation in androgen-independent PC cells we have
analyzed the expression of p50, p65, IκBα, IκBβ and IκBε in
comparison with primary prostate cells and androgen-
dependent LNCaP and MDA PCa 2b cells. Western blotting of
whole-cell protein extracts has not revealed any significant
changes in the level of expression of p50, p65 or IκBs in all
studied cells (Fig. 3). None of the studied cells expressed RelB
or c-Rel (data not shown). The analysis of molecular weights
of NF-κB and IκB proteins in PC cells did not reveal any
deviations from the expected sizes, suggesting that there were
no large alterations of NF-κB and IκB proteins in all studied
cell lines.

It was shown that IκBα protein is truncated/mutated in cell
lines from some hematopoetic tumors (Rayet and Gelinas,
1999; Emmerich et al., 1999; Cabannes et al., 1999). To
address the question whether NF-κB activation in androgen-
independent PC cells could be a consequence of mutations or
small deletions in the IκBα gene, we performed sequencing of
IκBα cDNAs obtained by RT-PCR from JCA1, PC3 and
DU145 cells. The direct sequencing of IκBα cDNA has not
predicted any amino acid substitutions in IκBα protein in those
cell lines with constitutive NF-κB activation.

Even though we showed that IκBα is not mutated in PC cells,
we could not rule out that other IκB proteins are mutated or
functionally impaired in those cells. Thus, in our next set of
experiments we addressed the question whether NF-κB
activation in androgen-independent PC cell lines is a result of
altered interaction between NF-κB and IκB molecules using the

universal inhibitor of all IκB degradation, MG132 (Sun and
Carpenter, 1998). We expected that MG132, which blocks
proteasome-dependent IκB proteolysis, will inhibit basal κB
DNA binding if interaction between NF-κB and IκBs in
androgen-independent cells is normal. As shown in Fig. 4,
MG132 indeed strongly inhibited basal κB DNA binding in PC3
and DU145 cells 30-60 minutes after treatment (Fig. 4). MG132
also decreased κB DNA binding in JCA1 cells 1 hour after
treatment (Fig. 4). These results suggest that NF-κB is normally
controlled by IκBs in PC cells. Thus, the increased basal NF-κB
activity in these cells is not a result of expression of mutated IκB
or mutated NF-κB proteins constitutively present in the nucleus.

Increased IκBα phosphorylation and turnover in PC
androgen-independent cell lines
Induced NF-κB activation requires IκBα phosphorylation at
Ser32 and Ser36 followed by IκBα ubiquitination and
degradation (Whiteside et al., 1995; Traenckner et al., 1995).
To study IκBα turnover in PC cell lines we used several
experimental approaches. First we compared the level of IκBα
phosphorylation in different PC cells by western blotting with
antibodies directed against IκBα phosphorylated at Ser32.

Fig. 3.Western blot analysis
of NF-κB and IκB protein
expression in human
primary prostate cells and
PC cell lines. Western blots
containing whole cell
protein extracts (10 µg/lane)
from untreated cells were
probed for expression of
p50, p65, IκBα, IκBβ and
IκBε.

Table 1. Nuclear expression of p65 in human prostate
carcinomas and in apparently normal surrounding

prostate tissue 
Prostate carcinomas Normal surrounding prostate 

p65 nuclear Sample p65 nuclear
Sample number staining* number staining*

1‡ 25% 1 9.5%
2‡ 28% 2 10.5%
3 11%
4 14%
5 15%
6 18%
7 16%
8 21%
9 37%

10 28%
11 29%
12 30%

*The number of p65-positive nuclei is presented as a percentage of 200-
300 nuclei evaluated in prostate epithelial cells per section.

‡Samples were obtained during prostatectomy.

Fig. 4.Proteasomal inhibitor MG132 decreased κB DNA binding in
androgen-independent PC cells. Androgen-independent cell lines
were treated with proteasomal inhibitor MG132 (7.5 µg/ml) for 30-
60 minutes. Nuclear proteins (5 µg/reaction) were used for EMSA. 
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Results presented in Fig. 5 clearly show that IκBα is heavily
phosphorylated in androgen-independent DU145, PC3, and
JCA1. We would like to emphasize that, in several
experiments, the highest level of IκBα-P was found in DU145
cells with the highest constitutive κB activity. We also found
that level of IκB-α phosphorylation was higher in androgen-
independent CL2 cells than in LNCaP cells from which they
were derived (Fig. 5).

Further, we assessed the rate of constitutive IκBα
phosphorylation in LNCaP cells with low and DU145 cells
with high constitutive activity of NF-κB. To evaluate the rate
of IκBα phosphorylation we used proteasomal inhibitor
MG132 to block degradation of phosphorylated IκBα (Sun and
Carpenter, 1998). MG132 treatment resulted in accumulation
of phosphorylated IκBα protein in both cell lines, however the
rate of IκBα-P accumulation was faster and the final amount
of the phosphorylated IκBα protein was much higher in
DU145 cells compared with LNCaP cells (Fig. 6).
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Fig. 5.Analysis of IκBα phosphorylation in androgen-independent
PC cells. Western blots containing whole cell protein extracts (10
µg/lane) from untreated cells were probed for expression of IκBα
and IκBα-P. Data are shown for the one representative experiment.

Fig. 6.The rate of IκBα phosphorylation in androgen-dependent and androgen-independent PC cell lines. Indicated cell lines were treated with
proteasomal inhibitor MG132 (7.5 µg/ml) for 0.5-6 hours. (A) Western blots containing cytosol proteins (10 µg/lane) were probed for
expression of IκBα-P. (B) Western blots shown in A are plotted as a percentage of the maximum IκBα-P expression level. Abscissa: time after
MG132 treatment (hours). Ordinate: relative amount of IκBα-P. Data are shown for the one representative experiment.

Fig. 7.The rate of IκBα-P degradation is higher in androgen-independent PC cells. Indicated cell lines were treated with cycloheximide (CHX,
10 µg/ml) in combination with 15-deoxy-∆12,14-prostaglandin J2 (15dPGJ2) for 0.5-6 hours. (A) Western blots containing cytosol protein
extracts (10 µg/lane) were probed for expression of IκBα-P. (B) Western blots shown in A are plotted as a percentage of the initial IκBα-P
expression level. Abscissa: time after treatment (hours). Ordinate: relative amount of IκBα-P. Data are shown for the one representative
experiment.
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Next we evaluated the rate of IκBα-P degradation in the
same PC cell lines using cycloheximide (CHX), an inhibitor
of protein synthesis, combined with cyclopentenone
prostaglandin J2 (15dPGJ2), an inhibitor of IKK (Rossi et al.,
2000). Under these conditions, de novo synthesis of IκBα as
well as phosphorylation of pre-existing IκBα were blocked.
Western blot analysis of pre-existing IκBα-P degradation
demonstrated that the rate of degradation of IκBα-P was
significantly higher in DU145 cells than in LNCaP cells
(Fig. 7).

Facilitation of degradation of IκBα due to the blockage of its
de novo synthesis, was expected to result in the translocation
of NF-κB into the nucleus. Indeed, CHX treatment increased
κB binding both in DU145 and LNCaP cells. The comparison
of time curves for NF-κB activation by CHX confirmed that
IκB degradation occurs at a considerably higher rate in DU145
cells than in LNCaP cells (Fig. 8).

We also directly assessed the time of IκBα half-life in those
two PC cell lines using pulse-chase analysis of metabolically
labeled IκBα (Fig. 9). We found that IκBα was more than
twice as stable in LNCaP cells (IκBα half-life was about 60
minutes) as in DU145 cells. Conclusively, the comparative
analysis of IκBα-P phosphorylation and degradation indicates
that IκBα turnover is significantly greater in androgen-
independent PC cells; this suggests that IKK activity should be
higher in those cells. 

Instability of IκBα correlates with constitutive IKK activity
in PC androgen-independent cell lines
Recently several IκB kinases (IKK) that phosphorylate IκB

proteins in response to diverse NF-κB activators have been
identified. The IKKα and IKKβ are the major inducible IKKs
(Maniatis, 1997). Western blot analysis of whole cell protein
extracts from primary prostate cells and five PC cell lines with
antibodies against IKKα/IKK β did not show significant
alterations in the expression of those proteins (Fig. 10A). To
determine the activity of endogenous IKKs in prostate cells we
performed an in vitro kinase assay. As a positive control we
used a protein extract from LNCaP cells stimulated by TNF-
α. The data presented in Fig. 10B demonstrate that as
predicted, the constitutive IKK activity was higher in the three
androgen-independent cell lines, than in primary prostate cells
and androgen-dependent cell lines. Thus, constitutive IKK
activation appears to be responsible for high rate of IκBα
phosphorylation and ultimately for NF-κB activation in
androgen-independent PC cells.

Effect of IKK d.n. constructs on the basal level of NF-κB
activity in prostate cells
To further explore the role of IKKs in constitutive NF-κB

Fig. 8.Effect of cycloheximide on NF-κB binding
in PC cells. Indicated cell lines were treated with
CHX (10 µg/ml) for 0.5-3 hours. Nuclear proteins
(5 µg/reaction) from cells were used for
electrophoretic mobility shift assay (EMSA).
(A) NF-κB binding activity. (B) NF-κB binding
activity shown in A is plotted as a percentage of
the maximum (at 3 hours of CHX treatment)
p65/p50 binding level. Abscissa: time after
treatment (minutes). Ordinate: relative amount of
NF-κB binding. Data are shown for the one
representative experiment.

Fig. 9.Pulse-chase analysis of IκBα degradation in PC cell lines.
LNCaP and DU145 cells were metabolically labeled with 35S-Met-
Cys and harvested at indicated time points. IκBα was
immunoprecipitated, resolved on 12.5% denaturating PAAG and
transferred to membrane. Dried membrane was subjected to
radiography.

Fig. 10.Analysis of IKK expression and IKK activity in normal
prostate cells and PC cell lines. (A) Western blot analysis of IKKα
and IKKβ expression. Western blots containing whole cell protein
extracts from untreated cells (10 µg/lane) were probed for expression
of IKKα and IKKβ. (B) Analysis of IKK activity. Protein extracts
from untreated cells were immunoprecipitated with a combination of
IKK α and IKKβ antisera, and used for in vitro kinase reaction.
Protein extract from LNCaP cells stimulated by TNF-α (7.5 ng/ml,
10 minutes) was used as a positive control.
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activation in malignant prostate cells we studied the effect of
kinase-inactive mutants of either IKKα (IKK αK44M) or IKKβ
(IKK βK44M) on the constitutive NF-κB transcription activity
in normal and malignant PC cells in comparison with the effect
of IκBα d.n. mutant. Those IKK mutants are not able to
phosphorylate IκBs and were shown to block IKK activity in
a dominant-negative fashion in such cells as HeLa and 293
human embryonic kidney cells (O’Mahony et al., 2000). As
shown in Fig. 11A, both mutants inhibited constitutive
luciferase activity in normal and malignant PC3 prostate cells
in a similar way, with IKKβ mutant being a more potent
inhibitor for constitutively active NF-κB. The effect of the
IKK β mutant was comparable with the effect of IκBα d.n.
mutant. The inhibitory effect of IKK mutants on the κB.Luc

reporter was specific: IKKβ and IKKα mutants did not affect
significantly the constitutive activity of MMTV.Luc in PC3
cells (Fig. 11B). 

Effect of IκBα d.n. construct on basal and induced
apoptosis in prostate cells
We have extended our study further and studied the biological
consequences of NF-κB blockage in PC cells with the high and
low constitutive NF-κB activity. We have chosen for these
experiments IκBα mutant, which was able to block
significantly (up to 90-95%) NF-κB activity in the luciferase
reporter assay (Fig. 11). Apoptosis was determined
morphologically and by poly(ADP-ribose) (PARP) cleavage.
Caspase-mediated cleavage of PARP inactivates this enzyme
and inhibits its ability to respond to DNA strand breaks for
repair. PARP cleavage is now recognized as one of the most
sensitive markers of caspase-mediated apoptosis. We found
that NF-κB blockage in LNCaP cells by the IκBα d.n. mutant
resulted in massive apoptosis comparable with the apoptosis
induced by TNF-α. We observed profound cell retraction,
rounding and detachment 24-48 hours after infection. PARP
cleavage was similarly increased in LNCaP cells infected with
AdV-d.n. IκBα and in LNCaP cells treated with TNF-α (Fig.
12A, lanes 2,5). Moreover, those treatments resulted in reduced
expression of full-length PARP, and consequently the ratio of
cleaved PARP/total PARP was dramatically affected in cells
with blocked NF-κB, and especially in cells with blocked NF-
κB treated with TNF-α. It is interesting that NF-κB blockage
in PC3 cells resulted in significant apoptosis only when it was
combined with TNF-α treatment (Fig. 12A,B). Indeed, the
ratio of cleaved PARP/total PARP was high only in PC3 cells
with blocked NF-κB treated with TNF-α (Fig. 12A, lane 3).
Consistently, 30-40% of TNF-α-treated PC3 cells with blocked
NF-κB cells demonstrated characteristic blebbing (Fig. 12B,
3). Neither infection with AdV-d.n. IκBα alone nor treatment
with TNF-α alone induced changes in morphology of PC3 cells
(Fig. 12B, 1,2). 

Discussion
This is the first study to develop a comprehensive and detailed
picture of changes in basal NF-κB activity in a panel of
prostate cells including primary prostate epithelial cells, two
androgen-dependent and four androgen-independent PC cell
lines. We found that NF-κB was constitutively activated in
human androgen-independent PC cell lines DU145, PC3,
JCA1 as well as androgen-independent CL2 cells derived from
LNCaP androgen-dependent cells. Thus, we confirmed the
recent finding of a high NF-κB activity in some PC cell lines
(Palayoor et al., 1999). Our results are also in agreement with
recent findings on persistent activity of NF-κB in several other
human tumors and tumor cell lines (Rayet and Gelinas, 1999;
Baldwin, 1996; Wang et al., 1999; Bours et al., 1994; Nakshatri
et al., 1997; Sovak et al., 1997; Visconti et al., 1997; Dejardin
et al., 1995). 

It is important to mention that amplification, overexpression
and rearrangements of most genes coding for Rel/NF-κB
factors have been found in hematopoietic tumors and could
underlie the constitutive NF-κB activation (Rayet and Gelinas,
1999). However, the most frequent finding in solid tumors and
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Fig. 11.Effect of d.n. IKK mutants on NF-κB constitutive activity in
normal prostate cells and the PC3 cell line. (A) Prostate cells were
co-transfected with κB-luciferase, pRL-null and (1) control vector;
(2) IKKα d.n. mutant; (3) IKKβ d.n. mutant; and (4) IκBα d.n.
mutant. (B) Prostate cells were co-transfected with MMTV-
luciferase, pRL-null and (1) control vector; (2) IKKα d.n. mutant;
(3) IKKβ d.n. mutant; and (4) IκBα d.n. mutant. Luciferase activity
was measured 24 hours after transfection in untreated prostate cells
by dual luciferase assay. Data are shown as FL/RL luciferase
activities ratio (% to control) for one representative experiment.
PrEC, normal epithelial prostate primary cultures.
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cell lines derived from solid tumors was the overexpression of
p50 and p52 proteins (Rayet and Gelinas, 1999; Dejardin et al.,

1995). p50 and p52 proteins have low transactivation activity,
thus the biological role of p50 and p52 homodimers appears to
be ambiguous (Budunova et al., 1999). The participation of
RelA in solid tumors is the subject of many debates. RelA
exhibits strong transactivation potential, however, alteration of
RelA expression/function in solid tumors or cell lines derived
from solid tumors has been only rarely reported (Rayet and
Gelinas, 1999). Significantly, we found that the activation of
p65/RelA-containing NF-κB complexes with the highest
transactivation potential among other NF-κB dimers, was
specific for PC cell lines and occurred without p65 or p50
overexpression in androgen-independent PC cells. In this
regard it is important that nuclear p65 expression was increased
in prostate carcinomas compared to surrounding apparently
normal tissues. 

The altered expression of IκBs as well as mutations in IκB
genes in tumor cells are implicated in the constitutive activation
of NF-κB (Rayet and Gelinas, 1999; Emmerich et al., 1999;
Cabannes et al., 1999). However, the results of our experiments
strongly suggest that constitutive activation of NF-κB in PC
cells is not a consequence of either altered expression or large
rearrangements or mutations in NF-κB/IκB genes. Indeed, we
did not find any changes in the level of expression of p65, p50
and three major IκB proteins (IκBα, IκBβ and IκBε) as well
as deviations from expected sizes of those molecules in PC
cells with activated NF-κB. Further, direct sequencing of IκBα
cDNA has not predicted any mutations of the IκBα protein in
cell lines with constitutive NF-κB activation. We cannot
presently rule out the presence of mutations in IκBβ, IκBε, p50
or RelA genes in DU145, PC3 and JCA1 cells. However, our
experiments with different NF-κB inhibitors and activators
provided indirect evidence that NF-κB is normally controlled
by IκBs and fully functional in those PC cells. Indeed, the
constitutive activity of NF-κB in DU145, PC-3 and JCA1 cells
was inhibited by the IKKα d.n. mutant, IKKβ d.n. mutant and
by a proteasomal inhibitor MG132 that effectively blocks
degradation of all IκB proteins (Sun and Carpenter, 1998). The
analysis of the sensitivity of PC cells to the standard NF-κB
inducers such as TNF-α, LPS and TPA, revealed that, in
contrast to the Hodgkin lymphoma cells (Krappmann et al.,
1999), and in spite of the high basal level of NF-κB activity,
PC cells are highly sensitive to NF-κB activation (Gasparian
et al., 2000). 

Fig. 12.Effect of IκBα d.n. mutant on apoptosis in prostate cells.
(A) Western blot detection of PARP cleavage. PC3 and LNCaP
prostate cells were infected with adenovirus expressing GFP and
IκBα mutant lacking Ser32 and Ser36 (AdV-d.n.IκBα) or adenovirus
expressing only GFP (AdV-control). 24 hours later cell cultures were
left untreated or treated with TNF-α (7.5 ng) for 10 hours. PARP
cleavage was detected by western blotting with antibody that detects
the full length PARP (116 kDa) and PARP cleavage product (85
kDa). Adherent cells and detached floaters were combined for whole-
cell lysate preparations. (1) Untreated cells; (2) AdV-d.n.IκBα-
infected cells; (3) AdV-d.n.IκBα-infected cells treated with TNF-α;
(4) AdV-control-infected cells; (5) AdV-control-infected cells treated
with TNF-α. (B) Effect of IκBα d.n mutant on morphology of PC3
cells. Micrographs (×300) depicting representative morphological
response of PC3 cells 48 hours after infection: (1) with AdV-control;
(2) with AdV-d.n.IκBα; and (3) with AdV-d.n.IκBα and treated with
TNF-α. Note numerous blebbing cells in cell cultures treated with
TNF-α. 
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Another recently described mechanism of NF-κB activation
in tumor cells implicates increased IκBα phosphorylation and
turnover (Devalaraja et al., 1999; Krappmann et al., 1999). We
found that in all studied androgen-independent PC cells,
including CL2 cells derived from LNCaP cells, IκBα was
heavily phosphorylated. Moreover, IκBα displayed a faster
turnover in androgen-independent PC cells than in androgen-
dependent PC cells. In addition, by in vitro kinase assay we
demonstrated constitutive activation of IKK in androgen-
independent cell lines. It is currently understood that the
mechanisms of basal and induced NF-κB activation could
be different. Activation of NF-κB through phosphorylation,
ubiquitination and proteasome-dependent degradation of IκBs
is specific for cells treated with NF-κB inducers (Whiteside
and Israel, 1997; Heissmeyer et al., 1999). The mechanisms
responsible for the maintenance of the basal NF-κB activity are
less clear and may not require IκBα phosphorylation at
Ser32/36, ubiquitination or even proteasome-dependent
degradation (Miyamoto et al., 1998; Krappmann et al., 1996).
Our data strongly suggest that in androgen-independent PC
cells, basal NF-κB activation employs a mechanism similar to
that for NF-κB activation by inducers such as cytokines. It
appears that constitutive NF-κB activity depends on the
constitutive aberrant activation of IKKs and consequently, a
faster IκBα turnover. 

In this regard, it is important to mention that the androgen-
independent PC cells produce numerous growth factors and
cytokines, that are strong activators of IKK complex and
consequently NF-κB. Those cytokines and growth factors
include TNF-α, different interleukins, FGF, EGF, NGF, HGF,
PDGF and VEGF (Baldwin, 1996; Sun and Carpenter, 1998;
Byrd et al., 1999; Gentry et al., 2000; Romashkova and
Makarov, 1999). Knowing that the expression of genes
encoding certain cytokines, for example IL-6, is regulated by
NF-κB (Zhang et al., 1994), one could assume that activation
of IKK in PC cells involves an established positive
autocrine/paracrine loop.

Androgen-independent cell lines used in this study do not
express androgen receptor (AR) (Tso et al., 2000; Mitchell et
al., 2000). This allows to find an interesting parallel between
NF-κB activation in androgen-independent PC cells and
estrogen receptor (ER)-deficient breast carcinoma cell lines
(Nakshatri et al., 1997; Biswas et al., 2000) and to raise the
question of the possible role of NF-κB in the development of
growth autonomy and resistance to apoptosis in hormone-
independent prostate and breast tumors. It is known that NF-
κB is a key anti-apoptotic factor in most cells (Barkett and
Gilmore, 1999). It has become clear recently that NF-κB could
also play the pro-proliferative role in some cells through direct
activation of genes involved in the cell cycle (Biswas et al.,
2000; Hinz et al., 1999; Guttridge et al., 1999). 

We found that NF-κB blockage resulted in the increased
apoptosis in LNCaP cells, and increased sensitivity to
apoptosis induced by TNF-α in PC3 cells with high
constitutive NF-κB activity. The latter result is in line with the
previous finding on the essential role of NF-κB in resistance
of PC cells to TNF-α (Sumitomo et al., 1999). The high
resistance of PC3 cells with elevated constitutive level of NF-
κB, to NF-κB blockage could be explained by the residual NF-
κB activity in those cells (data not shown).

It is important to mention that despite some general

similarities in the response of prostate cells to androgens and
NF-κB inducers, there is an evidence that NF-κB and AR
mutually repress each other transcriptional activity. The
repression involves either direct protein-protein interaction
between AR and p65 or competition for intracellular
transcriptional regulators (Palvimo et al., 1996; Valentine et al.,
2000). Moreover, crosstalk between signaling mediated by AR
and NF-κB also involves transcriptional repression of the AR
gene by NF-κB (Supakar et al., 1995). This suggests that NF-
κB blockage may result in restoration of AR function in PC
cells. 

In conclusion, the results presented here demonstrate that
aberrant IKK activation leads to the constitutive activation of
the NF-κB ‘survival signaling’ pathway in androgen-
independent PC cells. Since NF-κB protects prostate cells from
apoptosis, possibly stimulates proliferation of PC cells, and
plays an important role in the selection for hormone-
independence, NF-κB and IKK inhibition may prove useful
both in the prevention of PC and in adjuvant therapy. Further
studies are needed to identify the affected upstream signaling
that results in IKK activation. 
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Abstract
Selenium compounds are potential chemopreventive
agents for prostate cancer. There are several proposed
mechanisms for their anticancer effect, including
enhanced apoptosis of transformed cells. Because the
transcription factor nuclear factor-�B (NF-�B) is often
constitutively activated in tumors and is a key
antiapoptotic factor in mammalian cells, we tested
whether selenium inhibited NF-�B activity in prostate
cancer cells. In our work, we used sodium selenite and
a novel synthetic compound, methylseleninic acid
(MSeA), that served as a precursor of the putative
active monomethyl metabolite methylselenol. We found
that both selenium forms inhibited cell growth and
induced apoptosis in DU145 and JCA1 prostate
carcinoma cells. Sodium selenite and MeSeA, at the
concentrations that induced apoptosis, inhibited NF-�B
DNA binding induced by tumor necrosis factor-� and
lipopolysaccharide in DU145 and JCA1 prostate cells.
Both compounds also inhibited �B.Luciferase reporter
activity in prostate cells. A key to NF-�B regulation is
the inhibitory �B (I�B) proteins that in response to
diverse stimuli are rapidly phosphorylated by I�B
kinase complex, ubiquitinated, and undergo
degradation, releasing NF-�B factor. We showed that
sodium selenite and MSeA inhibited I�B kinase
activation and I�B-� phosphorylation and degradation
induced by TNF-� and lipopolysaccharide in prostate
cells. NF-�B blockage by I�B-� d.n. mutant resulted in
the sensitization of prostate carcinoma cells to
apoptosis induced by selenium compounds. These
results suggest that selenium may target the NF-�B
activation pathway to exert, at least in part, its cancer
chemopreventive effect in prostate.

Introduction
Prostate cancer is the second leading cause of cancer death
in men in the United States. Despite significant improvement

of hormonal, chemical, and radiation therapies, there is no
cure for locally advanced or metastatic prostate cancer.
Thus, studies to develop strategies for prostate cancer pre-
vention continue to be essential. During the past two de-
cades, selenium emerged as a factor with the most consist-
ent anticancer effect among a number of micronutrients
tested in animal experiments and clinical trials (1–7). Signif-
icantly, selenium appeared to be one of the most promising
agents for prostate cancer prevention. The most convincing
data have been obtained by Clark et al. (3) in a double-blind,
placebo-controlled trial involving �1000 patients. Partici-
pants treated with a supranutritional dose of selenium in the
form of selenized brewer’s yeast for 4.5 years (200 �g of
selenium daily, with the average daily intake of selenium in
the United States �100 �g) had substantial reductions in the
incidence of prostate cancer, as well as total cancer inci-
dence and mortality (3, 4). The follow-up for the cohort used
in Clark’s trial further indicated that selenium treatment de-
creased prostate cancer risk (8).

Selenium is an essential trace element nutrient and is a
normal component of diets. The nutritional essentiality of
selenium is linked to the functional activities of several en-
zymes and proteins that contain selenium, including gluta-
thione peroxidases, thioredoxin reductases, and others (2, 9,
10). The chemopreventive activity of selenium is determined
by its various covalent forms and metabolites. Over the past
15 years, several groups have focused on the identification of
the active metabolite(s) that is critical in selenium cancer
chemoprevention and on the search of less toxic forms of
selenium that would retain its chemopreventive activity. Sel-
enite is metabolized in vivo to a key proximal metabolite
hydrogen selenide, which in turn undergoes sequential meth-
ylation to methylselenol and other methyl-selenium metabo-
lites (1). Because methylation of hydrogen selenide produces
forms of selenium that are not genotoxic (11), stable meth-
ylated selenium compounds are currently viewed as precur-
sors or “pro-drugs” to release methylselenol and hold a high
potential for cancer chemoprevention use. MSeA4 is one of
such synthetic compounds that effectively inhibited tumor
cell growth in vitro (12) and possessed strong antitumor
activity in animal experiments (13).

Although several mechanisms including antioxidant pro-
tection (via glutathione peroxidases), altered carcinogen me-
tabolism, enhanced immune surveillance, and inhibition of
neoangiogenesis have been proposed to account for the
anticancer effect of selenium (9, 11), induction of apoptosis
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of tumor cells by selenium may be of special significance in
the chemoprevention of prostate cancer, which is known for
very low proliferative activity (14). Because the transcription
factor NF-�B is a key antiapoptotic factor in mammalian
cells, we hypothesized that suppression of the NF-�B acti-
vation pathway may be related to selenium chemopreventive
activity in prostate.

The active NF-�B complex is a homo- or heterodimer
composed of proteins from the NF-�B/Rel family. In non-
stimulated cells, NF-�B resides in the cytoplasm in a com-
plex with the inhibitor protein, collectively called I�B (15, 16).
Most agents that activate NF-�B use a common pathway
based on the phosphorylation of the two NH2-terminal
serines in I�B molecules I�B-�, I�B-�, and I�B-� with sub-
sequent ubiquitination and degradation of I�B proteins by
the 26S proteasome (17–21). Degradation of I�Bs results in
nuclear translocation of released NF-�B dimers (p65/p50)
and activation of target genes. Signal-induced phosphoryl-
ation of I�B is executed by the recently identified IKK com-
plex containing IKK� and IKK� and regulatory proteins (22).

Although selenium has a strong potential as chemopre-
ventive agent for prostate, the mechanisms underlying its
diverse biological effects have been studied mostly in other
cancer cell models but not in prostate cells. To test our
hypothesis that suppression of the NF-�B activation pathway
may be involved in selenium chemopreventive activity in
prostate, we studied the effect of two selenium compounds,
selenite and MSeA, on NF-�B activity and upstream IKK
kinases in prostate carcinoma cell lines in parallel with the
effect of those compounds on prostate cell growth and ap-
optosis.

Materials and Methods
Cell Cultures and Treatments. In our work, we used two
androgen-resistant prostate carcinoma cell lines, DU145 and
JCA1. DU145 prostate cancer cells were purchased from
American Type Culture Collection (Rockville, MD). JCA1
prostate cancer cells, originally established by Muraki et al.
(23), were obtained from Dr. O. Rokhlin (University of Iowa,
Iowa City, IA). Both cell lines were cultured in RPMI 1640 (Life
Technologies, Inc., Rockville, MD) supplemented with 10%
FBS (HyClone, Logan, UT), 10 mM HEPES, 1 mM sodium
pyruvate, 0.01 mM 2-mercaptoethanol, 2 mM L-glutamine,
and antibiotics as described elsewhere (24). Cells were
treated with LPS (from Escherichia coli 026:B6; Sigma
Chemical Co, St. Louis, MO), TNF-� (R&D Systems, Minne-
apolis, MN), sodium selenite pentahydrate (J. T. Baker, Inc.,
Phillipsburg, NJ), or MSeA (a generous gift from Dr. H. Gan-
ther, University of Wisconsin at Madison, Madison, WI).

Effect of Selenium Compounds on Cell Accumulation
and Apoptosis in Prostate Cell Cultures. To study the
effect of selenium on cell accumulation, DU145 and JCA1
cells were plated on 35-mm dishes and cultured to 50%
confluence. They were treated with MSeA or selenite at a
concentration of 1–5 �M without medium change for 24 h.
The number of cells in three dishes/treatment was deter-
mined.

We used PARP proteolysis and DNA fragmentation assays
to determine apoptosis 24 h after the beginning of selenium

treatment. Adherent cells and detached floating cells were
combined for whole-cell protein extract preparations. PARP
cleavage was estimated by Western blot analysis with PARP
antibodies (PharMingen, San Diego, CA).

For DNA fragmentation assay, DNA was isolated from
adherent cells and detached floating cells as described pre-
viously (12). Briefly, cells were lysed in a buffer containing 10
mM Tris-HCl (pH 8.0), 100 mM EDTA, 0.5% SDS, 0.5 mg/ml
proteinase K, and digested at 50°C for 3 h. The lysate was
extracted twice with phenol-chloroform. Nucleic acids were
precipitated with isopropanol in the presence of 0.2 M NaCl.
The pellet was resuspended in 30 �l of 10 mM Tris-HCl, 1 mM

EDTA (pH 7.5), treated with RNase, and loaded onto 1.5%
agarose gel containing 0.1 �g/ml ethidium bromide for elec-
trophoresis. Gels were photographed using UV illumination.

NF-�B Blockage by Adenovirus Infection. Prostate
cells were seeded on 35-mm dishes and at 50% confluence
were infected with type 5 recombinant adenovirus (AdV)
construct AdV-d.n.I�B� encoding GFP and mutant human
IkB� protein with substitution of serines 32 and 36 to ala-
nines (32A36A) or adenovirus encoding only GFP (AdV-
control). AdV-d.n.IkB� virus with deletions of E1 and E3 was
generated using the AdEasy1 system. The AdEasy1 system
was a generous gift of Dr. T-C. He, (The Howard Hughes
Medical Institute, Baltimore, MD). Mutations of IkB� were
constructed by site-directed mutagenesis with the Bio-Rad
Muta-Gene Phagemid In Vitro Mutagenesis system (Bio-Rad
Laboratories, Hercules, CA). IkB� mutant has an NH2-termi-
nal tag (ADRRIPGTAEENLQK) derived from the equine infec-
tious anemia virus tat protein. Control E1/E3-deleted AdV 5
with GFP (AdV-control) was purchased from Quantum Bio-
technologies (Montreal, Canada). Adenoviruses were purified
by CsCl gradient centrifugation. Cells were infected with
adenoviruses (109 viral particles/dish) in 700 �l of medium
with 0.5% serum overnight. Twenty-four h after infection,
cells were treated with selenium compounds for 24 h.

Preparation of Nuclear and Cytosol Protein Extracts.
Cells (20–25 � 106) cells were used for each time point. Cells
were washed and harvested in cold PBS. Cell pellets were
resuspended in homogenization buffer, and nuclear and cy-
tosolic protein extracts were prepared as described previ-
ously (25).

EMSA. The binding reaction for EMSA contained 10 mM

HEPES (pH 7.5), 80 mM KCl, 1 mM EDTA, 1 mM EGTA, 6%
glycerol, 0.5 �g of poly(deoxyinosinic-deoxycytidylic acid),
0.5 �g of sonicated salmon sperm DNA, �-32P-labeled (2–
3 � 105 cpm) double-stranded �B-consensus oligonucleo-
tide (Promega Corp., Madison, WI), and 5–10 �g of the
nuclear extract proteins. DNA-binding reaction was per-
formed at room temperature for 30–45 min in a final volume
of 20 �l. To determine the composition of NF-�B complexes,
1.5 �l of antibodies against p65 (sc-109X) or p50 (sc-114X)
were added 30 min after the beginning of reaction, and
incubation was continued for additional 30–45 min. Both
antibodies were from Santa Cruz Biotechnology (Santa Cruz,
CA). DNA-protein complexes were analyzed on 6% DNA
retardation gels (Novex, Carlsbad, CA). Dried gels were sub-
jected to autoradiography.
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Transient Transfection and Measurement of Luciferase
Activity. JCA1 prostate cells were plated on 35-mm dishes
and at 50% confluency were cotransfected by Tfx-50
reagent (Promega Corp.) with 3� �B.Luciferase reporter-FL
under promoter with three copies of conventional �B site
(Clontech Laboratories, Inc., Palo Alto, CA) and pRL-null
construct-RL under minimal promoter (Promega Corp.).
Tfx-50 reagent (2.25 �l/�g of plasmid DNA) and the plasmid
DNAs (both in doses of 2 �g/dish) were added to the dishes
in antibiotic-free, serum-free medium. Twenty-four h after
transfection, JCA1 cells were pretreated with selenium com-
pounds for 30 min and treated with TNF-� for additional 6 h.
Cells were harvested in the lysis buffer, and the luciferase
activity was measured by dual luciferase assay (Promega
Corp.) as recommended by the manufacturer. FL activity was
normalized against RL activity to equalize for transfection
efficacy.

Western Blot Analysis. Nuclear or cytosol proteins were
resolved by electrophoresis on 10–12.5% SDS-PAGE, de-
pending on the size of the target proteins, and transferred to
Immobilon-P membrane (Millipore Corp., Bedford, MA).
Polyclonal anti-p65 (sc-372) and anti-I�B� (sc-371) antibod-
ies were from Santa Cruz Biotechnology (Santa Cruz, CA).
Anti-phospho-Ser32 I�B� antibody was from Cell Signaling
Technology, Inc. (Beverly, MA). Monoclonal PARP antibody
that recognizes both PARP and cleaved PARP was pur-
chased from PharMingen. Membranes were blocked with
5% nonfat milk in TBST buffer [10 mM Tris HCl (pH 7.5),
150 mM NaCl, 0.05% Tween 20] and incubated with primary
antibodies for 1.5 h at room temperature. Anti-phospho-
Ser32 I�B� antibody and PARP antibody required 6 h incu-
bation at 34°C. Peroxidase-conjugated antirabbit or anti-
mouse IgG (Sigma Chemical Co.) was used as a secondary
antibody. ECL Western blotting detection kit (Amersham
Pharmacia Biotech, Uppsala, Sweden) was used for protein
detection. The membranes were also stained with Ponceau
Red to verify that equal amounts of proteins were loaded and
transferred. Quantitative analysis of Western blots was done
by One-Dscan gel and blot analysis software, Scanalytics,
Inc. (Fairfax, VA).

In Vitro IKK Activity Assay. Cells were lysed in TNT
buffer [20 mM Tris HCl (pH 7.5), 200 mM NaCl, 1% Triton
X-100] with protease inhibitors (25). Immunoprecipitation of
450 �g of total protein was performed with 1 �l of rabbit IKK�

(#1997) and IKK� (#4137) antisera (a kind gift of Dr. N. R.
Rice, National Cancer Institute, Frederick, MD) in 3 ml of TNT
buffer. Two h later, 20 �l of protein A-Sepharose 4B (Sigma
Chemical Co.) in TNT buffer were added to each sample and
incubated with gentle rotation overnight. Immunoprecipitate
was washed three times in TNT buffer with protease inhibi-
tors and two times with kinase buffer without protease in-
hibitors. Kinase reaction was performed in kinase buffer [20
mM HEPES (pH 7.4), 2 mM MgCl2, and 2 mM MnCl2], con-
taining 2 �Ci of [�-32P]ATP and I�B� peptide (1–54) that has
only Ser-32 and Ser-36 sites of phosphorylation (Boston
Biologicals, Inc., Boston, MA) as a substrate for 30 min at
30°C. Then 2� Tricine/SDS sample buffer (Novex, Carlsbad,
CA) was added to each reaction, and samples were boiled
and subjected to electrophoresis on 10–20% gradient tricine

PAAG (Novex). Gels were dried and exposed to film with an
intensifying screen at �70°C.

Data in all figures are shown as results of representative
experiments. All experiments were repeated at least three
times.

Results
Effect of Selenium Compounds on Prostate Carcinoma
Cell Growth and Apoptosis. Clark et al. (3) found that the
average plasma selenium level in participants treated with a
supranutritional dose of selenium in prevention trial was
around 2.5 �M. To establish an effective dose of selenium
compounds for NF-�B in vitro studies, we first tested the
effects of selenite and MSeA in concentration ranging from 1
to 5 �M on cell growth in the DU145 and JCA1 prostate cell
lines. Both selenium compounds inhibited cell accumulation
within 24 h of treatment in a dose-dependent manner (Fig. 1).
Selenite appeared to be more effective than MSeA in both
cell lines; it inhibited cell accumulation at all tested concen-
trations (1–5 �M). MSeA substantially inhibited cell accumu-
lation only at 5 �M.

Apoptotic effects of selenite and MSeA at 5 �M have been
studied in DU145 cells using as end points PARP cleavage
and DNA fragmentation. Caspase-mediated cleavage of
PARP inactivates this enzyme and inhibits its ability to re-
spond to DNA strand breaks for repair. PARP cleavage is
now recognized as one of the most sensitive markers of
caspase-mediated apoptosis. As shown in Fig. 2A, at 24 h of
exposure both compounds induced PARP cleavage. Con-
sistent with our early findings (12), MSeA induced PARP
cleavage more effectively than sodium selenite. As shown in
Fig. 2B, at 24 h of exposure both compounds strongly and to
the same extent induced nucleosomal fragmentation typical
for apoptotic cell death.

Selenium Compounds Inhibited NF-�B DNA Binding
Activity. To determine whether inhibition of prostate cell
growth and induction of apoptosis correlated with selenium
effect on NF-�B function, we studied the effect of selenite
and MSeA on NF-�B DNA binding in DU145 and JCA1 cell
lines, both of which we have characterized previously with
regard to the basal and inducible NF-�B activity (26). On the
basis of the data presented above, we have chosen the 5 �M

dose for both selenium compounds to study their effects on
NF-�B activation in prostate cells.

Because of the greater growth inhibitory response of JCA1
cells to selenium treatment (Fig. 1), we examined this cell line
first for the impact of 30-min selenium preexposure on the
TNF-�-induced NF-�B DNA binding activity by EMSA. Con-
sistent with our previous findings, TNF-� strongly induced
NF-�B DNA-binding in JCA1 cells (Fig. 3). MSeA-exposed
cells showed considerably inhibited �B-binding at 3 h of
TNF-� stimulation, but this effect was abolished by 6 h (Fig.
3). On the other hand, selenite-exposed cells had nearly full
�B-binding activity by 3 h of stimulation but displayed much
less binding by 6 h, indicating a more delayed action than
that of MSeA. Analysis of NF-�B binding complexes by
EMSA revealed that the major NF-�B complex in JCA1 cells
is represented by the p50/p65 heterodimer (Fig. 3C).
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Similar patterns of differential impacts of selenite and
MSeA on TNF-�-induced NF-�B DNA binding activity were
observed in DU145 cells (Fig. 4A). The kinetics of the inhib-
itory action and recovery in DU145 cells appeared to be
faster than in JCA1 cells. Specifically, MSeA-exposed
DU145 cells showed almost a complete block of NF-�B
binding at 0.5 h of TNF-� stimulation but almost fully recov-
ered the binding activity by 3 h of stimulation. On the other
hand, selenite-exposed DU145 cells showed considerably
less binding by 0.5 h of TNF-� stimulation, and this effect
persisted for 3 h. Selenite and MSeA preexposure also in-
hibited NF-�B DNA binding induced by LPS (Fig. 4B). The
major inducible NF-�B complex in DU145 cells consisted of
p50 and p65 proteins (Fig. 4C).

Taken together, the data support an inhibitory effect of
selenium preexposure on the inducible NF-�B DNA binding
activity irrespective of the nature of stimulation. Furthermore,

Fig. 3. Effect of selenium compounds on induced �B binding in JCA1
prostate cells. A and B, EMSA analysis of �B binding. Cells were pre-
treated for 30 min with MSeA (5 �M) or sodium selenite (5 �M) without
medium change. Then TNF-� (3.5 ng/ml) was added to the medium, and
incubation was continued. Cells were harvested at the indicated time
points, and nuclear and cytosol extracts were prepared. EMSA was per-
formed by incubating nuclear proteins with a labeled �B-oligonucleotide.
C, identification of nuclear �B binding complexes was analyzed by
EMSSA. Nuclear proteins from JCA1 cells were incubated with a labeled
�B nucleotide and antibodies against p50 and p65 proteins, and DNA
binding was analyzed.

Fig. 1. Effect of selenium compounds on cell number accumulation in
prostate cell cultures. DU145 and JCA1 cells were seeded in 12-well
plates. At 50% confluence, cells were treated with MSeA or selenite at the
indicated concentrations without medium change. The average number of
cells in 3 wells/treatment was determined 24 h after the beginning of
treatment. Data are shown as a percentage of control (means; bars, SD)
for one representative experiment.

Fig. 2. Effect of selenium compounds on apoptosis in DU145 prostate
cells. A, effect of selenium compounds on PARP cleavage. DU145 cells
were treated with sodium selenite (5 �M) and MSeA (5 �M) for 24 h. PARP
cleavage was defined by Western blotting with antibody, which detects
both full-length PARP (116 kDA) and PARP cleavage product (85 kDa).
Adherent cells and detached floaters were combined for whole-cell lysate
preparations. B, effect of selenium compounds on DNA fragmentation.
Agarose gel (1.5%) electrophoretic detection of nucleosomal DNA frag-
mentation in DU145 cells at 24 h of exposure with sodium selenite (5 �M)
and MSeA (5 �M). The leftmost lane was loaded with DNA molecular
weight marker. DNA was extracted from adherent cells combined with
detached floaters. The inverted image was used to better show frag-
mented DNA.
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persistent inhibition of NF-�B activity appeared to correlate
with the stronger growth-inhibitory activity of selenite than
MSeA in both cell lines.

One of the previously proposed mechanisms of selenite
effect on NF-�B activity is a direct interaction between sel-
enite and NF-�B, which results in adduct formation with the
thiol groups of NF-�B proteins and subsequent alteration of
NF-�B properties including DNA binding (27). To test this
hypothesis, we treated nuclear extracts from DU145 cells
with increasing concentrations of selenite and MSeA (3–10
�M) for 1 h, the time similar to the time of in vivo cell treatment
with selenium in our experiments with DU145 cells. As shown
in Fig. 5, no direct inactivating effect of selenium on �B
binding was observed by incubating nuclear extracts con-
taining active NF-�B complexes with both selenium com-
pounds in vitro.

Selenium Inhibited NF-�B-mediated Transcription Ac-
tivity. To further investigate the selenium effect on NF-�B
function, we performed a transient transfection of prostate
carcinoma JCA1 cells with an exogenous �B-responsive
gene, �B.Luciferase reporter. Mindful of the apoptotic effects
of prolonged selenium exposure, we have chosen 6-h expo-
sure with both selenium compounds for these experiments.
The results of transient transfection experiments presented
in Fig. 6 correlated well with the EMSA results. Pretreatment

with both selenite and MSeA at 5 �M significantly inhibited
the luciferase activity induced by TNF-� in JCA1 cells.

Selenium Inhibited TNF-� and LPS-induced Activation
of IKK. As we have already mentioned, the absence of a
direct effect of both selenium compounds on NF-�B DNA
binding in a cell-free system (see Fig. 5) suggested that
selenium affects some cellular steps in the NF-�B activation
pathway. One of the first key stages to NF-�B activation is
the phosphorylation of I�B inhibitory proteins by IKK kinases.
Thus, in our next experiment, we studied whether selenium
compounds affected IKK activation and I�B-� phosphoryla-
tion in DU145 cells.

As expected, TNF-� and LPS stimulation strongly in-
creased IKK activity and increased the level of I�B-� phos-
phorylation in DU145 cells (Fig. 7). Selenite and MSeA at a
concentration of 5 �M significantly inhibited IKK activation
and subsequently I�B-� phosphorylation induced by TNF-�

and LPS. It is important to mention that the kinetics of IKK
inhibition by two different selenium compounds correlated
well with kinetics of inhibition of �B DNA binding. The inhib-

Fig. 4. Effect of selenium compounds on induced �B binding in DU145 prostate cells. A and B, EMSA analysis of �B binding. DU145 cells were pretreated
for 30 min with MSeA (5 �M) or sodium selenite (5 �M). Then TNF-� (7.5 ng/ml) or LPS (1.5 �g/ml) were added to the medium, and incubation was continued.
Cells were harvested at the indicated time points, and nuclear and cytosol extracts were prepared. EMSA was performed by incubating nuclear proteins
with a labeled �B-oligonucleotide. C, identification of nuclear �B binding complexes was analyzed by EMSSA. Nuclear proteins from DU145 cells were
incubated with a labeled �B nucleotide and antibodies against p50 and p65 proteins, and DNA binding was analyzed.

Fig. 5. Selenium compounds did not inhibit �B DNA binding in cell-free
protein extracts. Nuclear proteins (10 �g/lane) from TNF-�-treated DU145
cells were incubated with a labeled �B-oligonucleotide for 45 min and
used for EMSA. MSeA and sodium selenite were added to the reaction
mixture at the final concentrations 1–10 �M for 15 min before the oligo-
nucleotide. Fig. 6. Effect of selenium compounds on NF-�B transcriptional activity in

prostate cells. JCA1 prostate cells were cotransfected with 3� �B.Lucif-
erase reporter and pRL-null construct. Twenty-four h after transfection,
cells were pretreated for 30 min with MSeA (5 �M) or sodium selenite (5
�M). Then TNF-� (7.5 ng/ml) was added to the medium, and incubation
was continued for 6 h. Luciferase activity was measured by dual luciferase
assay in cell lysates from three dishes/point. Data are shown as FL:RL
ratio (means; bars, SD) for one representative experiment.
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itory effect of selenite on IKK activity induced by TNF-� was
more sustained than the effect of MSeA.

Selenium Decreased I�B-� Degradation and p65 Nu-
clear Translocation. As we showed above, both selenium
compounds blocked IKK activation and I�B-� phosphoryla-
tion. This suggested that proteolytic degradation of I�B-�

should be also affected by selenium compounds. To deter-
mine whether selenium compounds indeed inhibited I�B-�

degradation, the cytoplasmic level of I�B-� has been exam-
ined by Western blot analysis in DU145 cells pretreated with
selenite and MSeA and treated with TNF-�. As we reported
previously (26), TNF-� induced dramatic I�B-� degradation
within 10–30 min with complete I�B-� resynthesis at later
times of exposure in DU145 cells (Fig. 8). Both selenite and
MSeA inhibited I�B-� degradation during the first 30 min of
cell exposure to TNF-� (Fig. 8). At later times, the effect of
selenium compounds on I�B-� level has not been revealed.

Whether selenium compounds affected TNF-�-induced
nuclear translocation of the p65 subunit of NF-�B was ex-
amined by Western blot analysis of nuclear protein extracts.
As shown in Fig. 8, upon TNF-� treatment, p65 translocated
to the nucleus in DU145 cells, and both selenite and MSeA
inhibited this translocation. Consistent with the results on the
repression of �B DNA binding, the inhibitory effect of selenite
on p65 translocation was more sustained than the effect of
MSeA at 3 h.

NF-�B Blockage Sensitized Prostate Carcinoma Cells
to Apoptosis Induced by Selenium Compounds. We have
extended our study further and studied the effect of NF-�B
blockage on the sensitivity of prostate carcinoma cells to
apoptosis induced by selenium compounds. We have cho-
sen for these experiments an I�B� mutant with substitution
of serines 32 and 36 to alanines (32A36A) that, because of
the lack of putative phosphorylation sites, is not phospho-
rylated by IKKs and as a result does not undergo degrada-
tion. We have shown previously that this I�B� mutant was
able to block NF-�B activity in prostate cells by 90–95% (28).

We found that NF-�B blockage in DU145 cells by infection
with adenovirus construct encoding mutant human IkB� pro-
tein (AdV-d.n.I�B�) resulted in increased sensitivity of pros-
tate carcinoma cells to both selenium compounds. Indeed,
the morphological changes in DU145 cells in response to
selenium compounds, such as profound cell retraction,
rounding, and detachment described in our previous work
(12), occurred much earlier in cell cultures infected with
adenovirus expressing I�B� mutant (data not shown).

As one could see in Fig. 9A, treatment of DU145 cells with
sodium selenite or MSeA as well as cell infection with AdV-
d.n.I�B� resulted in PARP cleavage (Fig. 9, Lanes 3, 4, and
5). It is important that selenium treatment of DU145 cells with
blocked NF-�B resulted in more intensive PARP cleavage
than in selenium-treated cells with intact, constitutively ac-
tive NF-�B (Fig. 9, compare Lanes 3 and 6 and Lanes 4 and
7). Moreover, because of a reduced expression of full-length
PARP in MSeA- and selenite-treated cells with blocked NF-

Fig. 8. Effect of selenium compounds on induced I�B-� degradation and
nuclear translocation of p65 in prostate cells. Cells were pretreated for 30
min with MSeA (5 �M) or sodium selenite (5 �M). Then TNF-� (7.5 ng/ml)
was added to the medium, and incubation was continued. Cells were
harvested at the indicated time points, and nuclear and cytosol extracts
were prepared. Western blots containing cytosol protein extracts (10
�g/lane) were probed for expression of I�B�. Western blots containing
nuclear protein extracts (10 �g/lane) were probed for expression of p65.

Fig. 7. Effect of selenium compounds on IKK
activity and I�B-� phosphorylation in prostate
cells. A and B, IKK kinase activity. DU145 cells
were pretreated for 30 min with MSeA (5 �M) or
sodium selenite (5 �M) for 30 min. Then TNF-�
(7.5 ng/ml) or LPS (1.5 �g/ml) was added to the
medium, and incubation was continued. Protein
extracts from DU145 cells were prepared at the
indicated time points, immunoprecipitated with
a combination of IKK� and IKK� antisera, and
used for in vitro kinase reaction. C and D, I�B-�
phosphorylation. In the same experiment, cells
were harvested from the dishes at the indicated
time points, and cytosol extracts were prepared.
Western blots containing cytosol protein ex-
tracts (10 �g/lane) were probed for expression
of I�B�-P.
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�B, the ratio of cleaved PARP:full-length PARP was much
strongly affected in those cells than in cells that underwent
other treatments (Fig. 9B). Thus, both the amounts of cleaved
PARP and the ratio cleaved PARP:full-length PARP were
much higher in cells where NF-�B activity was inhibited by
the expression of I�B� d.n. mutant. These data clearly indi-
cate that NF-�B blockage resulted in sensitization of prostate
carcinoma cells to apoptosis induced by selenium com-
pounds.

Discussion
Previous work has shown that selenite and MSeA represent
two distinct pools of selenium metabolites (11, 29). Selenite
and other selenium compounds that are metabolized to hy-

drogen selenide (H2Se) induced DNA single-strand breaks
and subsequent cell death by combination of acute lysis and
apoptosis in different tumor cell cultures (12). Interestingly,
selenite-induced apoptosis does not require caspase acti-
vation (12). Thus, less active PARP cleavage in prostate
carcinoma cells treated with sodium selenite (Fig. 2A) prob-
ably reflects this caspase-independent type of apoptosis.
MSeA and other immediate precursors of another major
selenium metabolite, methylselenol, induced apoptosis me-
diated by caspase cascades (13) without genotoxicity and
necrosis (11). In the work presented here, we have found that
at an apoptotic dose, both sodium selenite and MSeA inhib-
ited �B DNA-binding and NF-�B transcriptional activity in-
duced by TNF-� or LPS in two prostate cancer cell lines.
Specifically, the two selenium forms showed a differential
kinetics of NF-�B inhibitory action; the effect of MSeA was
more rapid and transitory, whereas selenite action was
slower but persisted much longer. It is important to empha-
size that NF-�B suppression by selenite, which exerted a
more persistent effect on NF-�B function in comparison with
the effect of MSeA, correlated well with the stronger inhibi-
tion of cell accumulation by this selenium compound in both
cell lines (Fig. 1). Our results obtained in prostate cells are
consistent with previous experimental findings that selenite
could inhibit �B DNA binding in other mammalian cells (27,
30) and provided further biochemical insights on underlying
mechanisms. In our experiments, we showed for the first
time that selenium compounds inhibited function of NF-�B
transcription factor through the blockage of IKK activity, the
kinase complex that phosphorylates I�B inhibitors, and con-
sequently, triggers I�B� degradation. It is important to em-
phasize that NF-�B blockage by I�B� d.n. mutant sensitized
prostate carcinoma cells to apoptosis induced by selenium.

Although our research was focused on IKK as the impor-
tant step necessary for NF-�B activation, there are other
possible direct and indirect mechanisms of selenium effect
on NF-�B function. It is known that selenium effects at lower
doses are mediated by different selenium-proteins such as
glutathione peroxidases, thioredoxin reductases, and others
that have broad physiological functions including antioxidant
protection and redox regulation of different protein activity (1,
31, 32). At higher doses, selenium can directly exert oxida-
tion of nucleotides, proteins, and cofactors (1). One of the
previously proposed mechanisms of the selenium effect on
NF-�B activity is such a direct interaction between selenium
and NF-�B, which results in adduct formation with the thiol
groups of NF-�B proteins and subsequent alteration of
NF-�B properties including DNA binding (27). The results of
our experiments in cell-free system do not suggest that
studied selenium compounds directly inhibit NF-�B DNA
binding. Whether this discrepancy is caused by buffer con-
ditions used in the test tube reactions or reflects a specific
difference between cell types should be investigated.

How relevant are our findings in terms of cancer chemo-
prevention or therapeutic intervention by selenium?

(a) NF-�B factor activation has been associated with tu-
morigenesis. NF-�B is constitutively activated in human leu-
kemias and lymphomas as well as in some solid tumors and
in cell lines from human solid tumors including breast, ovar-

Fig. 9. Effect of I�B� d.n. mutant on PARP cleavage in prostate cells.
DU145 prostate cells were infected with adenovirus expressing GFP and
I�B� mutant lacking Ser-32 and Ser-36 (AdV-d.n.I�B�) or adenovirus
expressing only GFP (AdV-control). Twenty-four h later, cell cultures were
left untreated or treated with MSeA (5 �M) or with sodium selenite (5 �M)
for 24 h. PARP cleavage was detected by Western blotting with antibody,
which detects the full-length PARP (116 kDa) and PARP cleavage product
(85 kDa). Adherent cells and detached floaters were combined for whole-
cell lysate preparations. A, Western blot analysis of PARP cleavage.
B, effect of I�B� d.n. mutant and selenium compounds on cleaved PARP:
full-length PARP ratio. Amounts of PARP and cleaved PARP presented on
Western blots in A were quantified using One-Dscan gel and blot analysis
software, Scanalytics, Inc. (Fairfax, VA). Ratios of absorbances for bands
corresponding to cleaved PARP and full-length PARP are plotted.
Bars, SD.
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ian, colon, thyroid, pancreatic, and urinary bladder carcino-
mas, melanomas, and others (15, 33–38). It was shown that
inhibition of NF-�B activity in carcinoma cell lines could
dramatically reduce cell growth and metastatic properties in
vivo (39, 40). Recently, we found that NF-�B is activated in
some prostate carcinoma cell lines because of an aberrant
activation of IKK, resulting in a high level of I�B-� phospho-
rylation and turnover (28). These data suggest that constitu-
tive activation of the NF-�B signaling pathway could be an
important step during tumor development in prostate. There-
fore, selenium inhibition of NF-�B activation during early
stages of tumorigenesis, which are likely responsive win-
dows for chemoprevention, could be one mechanism medi-
ating prostate cancer prevention and treatment.

(b) NF-�B plays a key role in cell protection against diverse
apoptotic stimuli including chemo- and radiotherapeutic
treatments through activation of the antiapoptotic gene pro-
gram in cells (41). Antiapoptotic genes that are regulated by
NF-�B include genes encoding Bcl-2-like proteins (A1/Bfl1,
Bcl-Xl, and Nr13), inhibitor of apoptosis proteins (H-IAP1,
H-IAP2, and X-IAP1), and others (41). It became clear re-
cently that NF-�B is also an important regulator of cell pro-
liferation. There is some evidence that NF-�B proteins are
implicated in cell cycle regulation through their effect on the
cyclin-dependent kinase/cyclin-dependent kinase inhibitor
system (42). The best explored link between NF-�B activa-
tion and cell cycle progression involves cyclin D1, a cyclin
that is expressed early in the cell cycle and is crucial to
commitment to DNA synthesis (43). It was shown that pro-
moters of cyclins D1 and D2 contain �B binding sites and are
important transcriptional targets of NF-�B (43, 44). There-
fore, inhibition of NF-�B antiapoptotic and proproliferative
activities could provide specific and causative links to inhi-
bition of prostate tumor cell growth and survival by selenium
compounds. In this regard, it is important to mention that in
vitro the growth of prostate cancer cells was much more
affected by selenium compounds than the growth of primary
prostate cells (45).5

In conclusion, our study, as a proof of principle, estab-
lished that an apoptotic dose of selenium exposure can
inhibit NF-�B activation through the inhibition of IKK activity
and I�B degradation. Because of the involvement of consti-
tutive NF-�B signaling in cancer cell survival and prolifera-
tion, our findings suggest that this signal pathway may con-
stitute a molecular target for selenium to exert its anticancer
activity. In this regard, it is noteworthy that some other po-
tential cancer preventive natural compounds including green
tea polyphenols, phytoestrogen genistein, vitamin E deriva-
tives, silymarin, resveratrol, and curcumin have been also
found to be inhibitors of NF-�B and IKK in different cells (46,
47). It will be important to further identify the specific inhib-
itory mechanisms by each of these diverse agents to build a
mechanistic basis for combinatorial application of multiple
agents to synergistically inhibit NF-�B signaling to achieve
comprehensive prevention of prostate cancer.
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A key antiapoptotic transcription factor, nuclear factor
kappa-B (NF-jB), is known to be critically important for
tumor cell growth, angiogenesis and development of
metastatic lesions. We and others showed previously that
NF-jB transcription factor was constitutively activated in
androgen-independent prostate carcinoma (PC) cell lines
due to the upregulated activity of inhibitor of NF-jB
kinases (IKK). In this work, using luciferase assay,
electrophoretic mobility shift assay and Northern blot
analysis of expression of endogenous jB-responsive genes,
we demonstrate that a novel highly specific small-molecule
IKK inhibitor, PS1145, efficiently inhibited both basal and
induced NF-jB activity in PC cells. We found that PS1145
induced caspase 3/7-dependent apoptosis in PC cells and
significantly sensitized PC cells to apoptosis induced by
tumor necrosis factor alpha. We also showed that PS1145
inhibited PC cell proliferation. Effects of PS1145 on
proliferation and apoptosis correlated with inhibition of
interleukin (IL)-6, cyclin D1, D2, inhibitor of apoptosis
(IAP)-1 and IAP-2 gene expression and decreased IL-6
protein level. In addition, we found that incubation with
PS1145 inhibited the invasion activity of highly invasive
PC3-S cells in invasion chamber assay in a dose-dependent
manner. Overall, this study provides the framework for
development of a novel therapeutic approach targeting
NF-jB transcription factor to treat advanced PC.
Oncogene advance online publication, 19 September 2005;
doi:10.1038/sj.onc.1209066

Keywords: prostate carcinoma; NF-kB; IKK; apoptosis;
invasion

Introduction

One of the contributing factors to high mortality rate
from prostate cancer is the extreme resistance of

malignant prostate cells to apoptosis induced by radio-
and chemotherapy. Thus, the specific induction of
apoptosis in prostate carcinoma (PC) cells could play
a strategic role for PC treatment.
Nuclear factor kappa-B (NF-kB) transcription factor

mediates one of the central signaling pathways, protect-
ing cells from apoptotic death (Karin and Lin, 2002;
Kucharczak et al., 2003). NF-kB also regulates tumor
development through transcriptional regulation of a
wide variety of genes that encode antiapoptotic proteins,
cell cycle-related proteins, proteins involved in angio-
genesis, invasion and metastasis (Ghosh and Karin,
2002; Karin et al., 2002; Shishodia and Aggarwal, 2004).
The active NF-kB complex is a homo- or heterodimer

composed of proteins from the NF-kB/Rel family: NF-
kB1 (p50/105), NF-kB2 (p52/100), RelA (p65), RelB
and c-Rel (Verma et al., 1995; Baldwin, 1996). In
nonstimulated cells, NF-kB resides in the cytoplasm in a
complex with the inhibitor protein, collectively called
IkB. Several inhibitor of nuclear factor kappa-B (IkB)
proteins have been identified, including IkBa, IkBb and
IkBe, and proteins p105 and p100, the precursor
molecules for NF-kB proteins p50 and p52, respectively
(Verma et al., 1995; Whiteside and Israel, 1997). Most
agents that activate NF-kB employ a common pathway
that involves the phosphorylation of the two N-terminal
serines in IkB molecules IkBa, IkBb, IkBe, and the
subsequent ubiquitination and degradation of IkB
proteins by the 26S proteasome (Whiteside and Israel,
1997). Signal-induced phosphorylation of IkB is exe-
cuted by a large 900 kDa IkB kinase (IKK) complex,
containing two major IkB kinases (IKK) IKKa and
IKKb, as well as several scaffolding proteins (Karin and
Ben-Neriah, 2000).
There is mounting evidence that constitutive NF-kB

activation is a common feature of a variety of
hematological and solid tumor cell lines and tumors
(Rayet and Gelinas, 1999; Karin et al., 2002), and that
constitutive activation of NF-kB suppresses the suscept-
ibility of tumor cells to apoptosis induced by radio- and
chemotherapy. We and others showed previously that
NF-kB was constitutively activated in androgen-inde-
pendent PC cell lines due to the constitutive upregulated
activity of IKK kinases (Chen and Sawyers, 2002;
Gasparian et al., 2002; Suh et al., 2002; Zerbini et al.,
2003). NF-kB inhibition with a IkBa super-repressor in
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PC cells led either to apoptosis or to sensitization to
apoptosis induced by tumor necrosis factor alpha (TNF-
a) and some other treatments (Herrmann et al., 1997;
Muenchen et al., 2000; Gasparian et al., 2002). Most
importantly, inhibition of NF-kB with an IkBa super-
repressor in PC cells suppressed both growth and
development of metastatic lesions by those cells in vivo
when they were injected into prostate ortotopically
(Huang et al., 2001). Overall, these data suggest that
NF-kB signaling pathway is critically important for PC
cell growth and the development of metastases in animal
models. Thus, NF-kB represents an important target for
PC treatment, especially when NF-kB inhibition is used
in combination with other proapoptotic chemothera-
peutical drugs.
The results of immunostaining of human PCs for

major NF-kB protein RelA/p65 are in line with the data
obtained in PC cells in vitro. We and others showed that
p65 has nuclear localization in a significant number of
epithelial cells in prostate tumors, especially in hor-
mone-refractory metastatic PCs (Gasparian et al., 2002;
Ross et al., 2004; Shukla et al., 2004; Sweeney et al.,
2004). Nuclear localization of p65 strongly suggests that
NF-kB is activated in human PCs, and that constitutive
activation of this key antiapoptotic factor could
significantly contribute to the resistance of hormone-
refractory PCs to apoptosis induction during chemo-
and radiotherapy.
There are several pharmacological approaches to

target NF-kB. They include repression of NF-kB
transactivation potential, stabilization of IkB inhibitors
by proteasome inhibitors and, more recently, inhibition
of upstream IKK kinases (Karin, 2004). The unique
properties of IKKb among other serine–threonine
kinases allowed successful development of specific IKKb
inhibitors at Millennium Pharmaceuticals Inc. (Hide-
shima et al., 2002; Castro et al., 2003; Lam et al., 2005)
and other companies (Burke et al., 2003; Kishore et al.,
2003; Ziegelbauer et al., 2005). In the presented work,
we studied the effect of the small-molecule IKK
inhibitor PS1145 on the status of NF-kB in PC cells,
PC cell growth, sensitivity of PC cells to apoptosis and
on the invasion capability of PC cells. We demonstrated
that PS1145 efficiently inhibited both basal and induced
NF-kB activity in PC cells. PS1145 induced apoptosis in
PC cells and significantly sensitized PC cell lines to
TNF-a-induced apoptosis in a caspase 3/7-dependent
manner. In addition, we found that preincubation with
PS1145 inhibited PC cell growth and the invasion
activity of highly invasive PC3-S cells in invasion
chamber assay.

Results

Expression of activated IKKs in PCs
Our previous studies as well as data by others revealed
that androgen-independent PC cells maintain the high
level of NF-kB basal activity due to constitutive IKK
activation (Gasparian et al., 2002). To extend our

in vitro observations, we performed immunostaining of
10 high-grade PCs (Gleason score 7–9) with Ab against
IKKa/b phosphorylated at Ser176/180. It is known that
activation of IKKa and IKKb requires their phosphory-
lation at those specific serines in the activation loop of
IKK kinases (Karin and Ben-Neriah, 2000; Huynh,
2000). As shown in Figure 1, activated IKKa/b were
strongly expressed in the cytoplasm of epithelial cells in
PCs. This finding suggests that IKK kinases are indeed
constitutively active in prostate cells in tumors and
correlates well with nuclear localization of p65/RelA
and NF-kB activation in PCs previously described in
our work and in other publications (Gasparian et al.,
2002; Ross et al., 2004; Shukla et al., 2004; Sweeney
et al., 2004).

PS1145 inhibited basal and induced IkBa phosphorylation
and NF-kB activity in androgen-independent PC cell lines
We and others have shown that NF-kB is constitutively
activated in androgen-independent PC cell lines due to
the constitutive upregulated activity of IKK kinases.
The IkBa protein, a key substrate for IKKa/IKKb
kinase complex, is constitutively phosphorylated in PC3
and DU145 cells (Gasparian et al., 2002). Despite the
high constitutive level of NF-kB activity, androgen-
independent PC cells appeared to be highly sensitive to
diverse NF-kB inducers (Gasparian et al., 2003). For
example, DU145 cells are highly responsive to TNF-a
and lipopolysaccharide (LPS), while PC3 cells are highly
responsive to LPS and TPA, but not to TNF-a. Based
on these findings, we selected different NF-kB inducers
to study the effect of PS1145 on NF-kB activation in
PC3 and DU145 cells.
To evaluate the effect of the IKK inhibitor PS1145 on

phosphorylation of IkBa, we performed Western blot
analysis using whole-cell proteins from DU145 or PC3
cells treated with PS1145 at concentrations 0.5–20 mM
for 2–24 h. We found that the PS1145 effect was
especially pronounced when cells were incubated with
this IKK inhibitor at concentrations 10–20 mM
(Figure 2a and data not shown). The significant decrease
of IkBa constitutive phosphorylation was revealed
12–16 h after treatment in both DU145 and PC3 cells
(Figure 2a and b and data not shown). Furthermore,
IkBa phosphorylation was almost completely blocked
when cells were incubated with PS1145 for 24 h
(Figure 2a and b). However, in PC3 cells decrease in

Figure 1 IKKa/b are phosphorylated in PCs. Immunostaining of
PC (Gleason score 9) with antibodies against IKKa/b phosphory-
lated at Ser176/180 in IKK activation loop. Note the strong
expression of phosphorylated IKKs in epithelial cells of PC.
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IkBa phosphorylation 24 h after PS1145 treatment
coincided with inhibition of total IkBa expression at
this time point (see below), suggesting that the relative
level of inhibition of IkBa phosphorylation (ratio
P-IkBa:total IkBa) in PC3 cells was similar after 16
and 24 h of treatment with PS1145.
PS1145 also strongly inhibited induced IkBa phos-

phorylation. Indeed, preincubation of PC cells with
PS1145 for 3 h significantly inhibited IkBa phosphoryla-
tion induced by short treatments with different com-
pounds such as TNF-a, LPS and TPA (Figure 3 and
data not shown). In addition, we found a stable strong
effect of long cell pretreatment with PS1145 (24 h) on
TNF-a-induced IkBa phosphorylation in DU145 cells
(Figure 2b). Importantly, the similar decrease in IkBa
phosphorylation was observed in PC3 cells stably
infected with lentivirus expressing IKKb dominant-
negative (d.n.) mutant (Figure 2a, last lane).
We have to mention that treatment of PC3 cells with

PS1145 for 16–24 h as well as the transfection with
exogenous IKKb d.n. mutant has resulted in the
decreased level of total IkBa. This reflects the dramatic
downregulation of IkBa gene transcription in PC3 cells
under this treatment (Figure 5b) and will be discussed
later. PS1145 did not affect IkBa expression in DU145
cells (Figure 2b).
In our next experiments, we examined PS1145 effect

on NF-kB DNA binding in PC cells. The effect of

PS1145 on different steps of NF-kB activation was dose-
dependent, and more pronounced when we used PS1145
at the concentration of 20 mM (data not shown). As
shown in Figure 3, pretreatment of DU145 cells with
PS1145 for 3 h strongly inhibited IkBa phosphorylation,
delayed the degradation of IkBa and nuclear transloca-
tion of p65 induced by TNF-a, and accordingly
significantly decreased the effect of TNF-a on kB
DNA binding. Similarly, PS1145 inhibited IkBa phos-
phorylation, degradation, p65 nuclear translocation and
NF-kB binding induced by LPS (Figure 3b) and TPA
(data not shown) in PC3 cells.
To evaluate the effect of PS1145 on gene transcrip-

tion, we used transient transfection of PC cells with a
5� kB luciferase reporter. To induce NF-kB-dependent
transcription of reporter gene, PC cells were transfected
with exogenous IKKb or treated with the appropriate
kB inducer: TNF-a (for DU145 cells) or LPS (for PC3
cells) for 24 h. NF-kB activity induced by TNF-a, LPS
and exogenous IKKb was strongly inhibited by PS1145
in both PC cell lines (Figure 4a and b). In addition,
PS1145 significantly blocked basal NF-kB transcrip-
tional activity in PC3 cells (Figure 4b).
To study the effect of PS1145 on the transcription of

endogenous kB-responsive genes, we used Northern blot
analysis of IkBa expression. IkBa gene has five kB sites
in its promoter, and is tightly regulated by NF-kB in
different cells (Ito et al., 1994). We showed previously
that the level of steady-state IkBa expression directly
correlated with the level of constitutive NF-kB activity
in different PC cell lines (Gasparian et al., 2002). The
results of Northern blotting demonstrated that treat-
ment with PS1145 (20 mM) for 24 h blocked both basal
and inducible expression of IkBa in PC cells (Figure 5a
and b). The effect of PS1145 on IkBa expression was
dose- and time-dependent (data not shown) with
maximum IkBa expression blockage after 24 h exposure
to PS1145.

Figure 2 PS1145 inhibited basal and induced IkBa phosphoryla-
tion. (a) PC3 cells were treated with PS1145 at the indicated
concentrations (0.5–20mM) for 2–24 h. Far right lanes: PC3 cells
stably infected with empty lentivirus or lentivirus expressing d.n.
IKKb mutant. (b) DU145 cells were treated with 10mM PS1145 for
2–24 h. Far right lanes: DU145 cells were pretreated with PS1145
for 24 h and treated with TNF-a (7 ng/ml) for 1 h or treated with
both agents for 24 h. Western blots containing whole-cell protein
extracts (50mg/lane) were probed with anti-IkBa and anti-phospho-
IkBa antibodies or anti-actin Ab as a control.

Figure 3 PS1145 inhibited NF-kB binding in PC cells. (a). Control
and PS1145-pretreated (10 mM� 3 h) DU145 cells were treated with
TNF-a (7 ng/ml) for 10min. (a.1) Nuclear protein extracts were
used to evaluate kB binding by EMSA; (a.2) Western blots
containing nuclear protein extracts (20mg/lane) were probed for
expression of p65; (a.3–a.4) Western blots containing cytoplasmic
protein extracts (20 mg/lane) were probed for expression of IkBa
and IkBa-P. (b) Control and PS1145-pretreated (10mM� 3 h) PC3
cells were treated with LPS (1.5mg/ml) for 1 h. Procedures used in
(b.1–b.4) are identical to those described in (a.1–a.4).
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Overall, the results of Northern blot analysis corre-
lated well with the data obtained by Luciferase reporter
assay and electrophoretic mobility shift assay (EMSA).
We found that PS1145 strongly inhibited NF-kB activity
in both PC cell lines irrespectively of the nature of the
NF-kB inducer. Notably, the effect of PS1145 on basal
NF-kB activity was revealed easier in PC3 cells despite

the fact that PS1145 strongly inhibited basal IkBa
phosphorylation in both PC cell lines.

PS1145 inhibited proliferation of DU145 cells
The effect of PS1145 on proliferation was assessed by
several approaches in DU145 cells. As shown in
Figure 6a, MTT test revealed 30–35% decrease in
DU145 cell numbers 48–72 h after PS1145 treatment.
BrdU labeling of DU145 cells confirmed the result of
MTT test. The number of BrdU-positive cells (cells in
S-phase) was decreased by 3273.25% in DU145 cell
cultures treated with PS1145 for 72 h (Figure 6b). The
inhibition of proliferation was further confirmed by the
decrease of Ki67 protein expression known to be present
in cells in G1, S, G2 and M phases, but not in G0 phase
of the cell cycle (data not shown). Therefore, we have
shown that PS1145 caused significant inhibition of
proliferation in DU145 cells.

PS1145 induces apoptosis in DU145 cells and increases
their sensitivity to TNF-a
Long-term exposure to PS1145 was toxic for DU145
cells. To evaluate the effect of PS1145 on apoptosis in
these cells, we measured caspase 3/7 activity, and used
Western blot analysis to assess poly-(ADP-ribose)
polypeptide (PARP) cleavage. As shown in Figure 7a,
treatment of DU145 cells with PS1145 for 48 h resulted
in strong activation of caspase 3/7 in a dose-dependent
manner. Western blot analysis of caspase 3/7-dependent
PARP cleavage also demonstrated that PS1145 induced
apoptosis in DU145 cells 48–72 h after the beginning of
the treatment (Figure 7b and c). Importantly, PS1145
sensitized DU145 cells to TNF-a-induced apoptosis:
PARP cleavage and caspase 3/7 activation (Figure 7b
and c) were much more pronounced in DU145 cells
treated with combination of TNF-a and PS1145. These
data are in line with the previous observations that NF-
kB protects different cells, including PC cells, against
apoptosis induced by TNF-a, and that NF-kB blockage
by different genetic approaches results in cell sensitiza-
tion to TNF-a (Muenchen et al., 2000; Gasparian et al.,

Figure 4 Effect of PS1145 on NF-kB transcriptional activity in
PC cell lines. DU145 (a) and PC3 (b) cells were cotransfected with
� 5 kB FL reporter, pRNL-null (RL), pcDNA and with w.t. IKKb
plasmids. Cells were treated with TNF-a (7 ng/ml), LPS (10mg/ml),
PS1145 (10mM) or the combination PS1145þTNF-a or PS1145þ
LPS for 24 h. Luciferase activity was measured by dual luciferase
assay. Data are shown as fold of inhibition or induction, calculated
as FL/RL ratio for treated samples normalized against FL/RL
ratio for control samples (controls are presented in the far left lanes
in (a) and (b)).

Figure 5 Northern blot analysis of IkBa expression in PC cells
after PS1145 treatment. DU1145 (a) and PC3 cells (b) were treated
with TNF-a (7 ng/ml), PS1145 (10mM) or the combination
PS1145þTNF-a for 24 h. Northern blots (20mg RNA/lane) were
probed for expression of IkBa. Ethidium bromide gel staining
(lower panels) was used for the verification of equal RNA loading.
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2002; Orlowski and Baldwin, 2002; Shukla and Gupta,
2004).
Overall, our data indicate that the effect of PS1145 on

PC cell growth and apoptosis develops after prolonged
treatment (i.e. requires cell maintenance under the
conditions when NF-kB is chronically inhibited), even
though the significant NF-kB inhibition is achieved in
16 h.

PS1145 inhibited the invasion activity of PC3-S cells
in vitro
It is known that DU145 cells do not possess high
invasion and migration capability in in vitro and in vivo
experiments. In contrast, several clones derived from the

original PC3 cell line were reported to be highly invasive
in animals and in invasion chambers in vitro. Thus, to
study the effect of PS1145 on PC cell motility and
invasiveness, we used a highly invasive PC3 clone PC3-S
(Lindholm et al., 2000). The cell invasiveness was
studied using invasion assay of radioactively labeled
cells. As shown in Figure 8, PS1145 dramatically
inhibited invasion of PC3-S cells in a dose-dependent
manner. The effect was more pronounced if the cells
were preincubated with PS1145 for 24 h. The inhibition
of invasion by PS1145 was not due to PS1145 toxicity
for PC3-S cells. PC3-S cells appeared to be rather
resistant to the toxic effect of PS1145 evaluated by

Figure 6 PS1145 inhibited proliferation of DU145 cells. (a)
DU145 cells were treated with 10 mM PS1145 for the indicated
periods of time, and cell growth was evaluated by MTS test. (b, c)
Analysis of BrdU incorporation in DU1145 cells untreated (b) and
treated with 10mM PS1145 (c). Cells were treated with BrdU for
1 h, fixed in 4% formaldehyde and used for immunofluorescence
with anti-BrdU antibody. DAPI nuclear staining and BrdU
staining were evaluated by fluorescent microscope, � 320.

Figure 7 PS1145 induced apoptosis in DU145 cells. (a) Caspase 3/7
activity was evaluated in DU145 cells by ApoOne kit after cells
were treated with increasing concentrations of PS1145 for 48 h. (b)
Western Blot analysis of PARP cleavage in DU1145 cells treated
with TNF-a (7 ng/ml), PS1145 (10mM), or the combination
PS1145þTNF-a for 16 and 72h. (c) Densitometric profile of
Western blot analysis of PARP cleavage. The data are presented as
the ratios of total cleaved PARP products of 89 and 24 kDa to
uncleaved PARP.
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flow-cytometric analysis with propidium iodide (data
not shown).

PS1145 effects on gene expression in PC cells
NF-kB regulates a wide variety of genes that encode
antiapoptotic proteins, cell cycle proteins, cytokines,
proteins involved in cell–cell and cell–extracellular
matrix (ECM) interactions and others. Thus, to address
the mechanisms underlying the effects of PS1145 on PC
cells, we performed semiquantitative RT–PCR analysis
of the set of 21 genes known to be important for control
of cell cycle, apoptosis and cell–cell and cell–ECM
interactions (Toth et al., 1995; Glasgow et al., 2000;
Catz and Johnson, 2001; Hinz et al., 2001; Gupta et al.,
2002; Martone et al., 2003). The gene selection was
made after the comparison of database obtained by
cDNA array analysis of global effect of PS1145 on gene
expression in PC cells (these data are not shown in this
paper, and are planned to be used for another research
project) and the literature database for NF-kB-depen-
dent genes (http://www.nf-kb.org). The list of selected
genes is presented in Table 1. The quantitative analysis
of gene expression was performed by Agilent 2001
Bioanalyzer as described in Materials and methods.
As shown in Figures 9 and 10, we found that the

expression of nine out of 21 studied genes was
significantly changed in DU145 cells treated with
PS1145, especially after longer 72 h treatment. Figure 9
represents the agarose electrophoresis analysis of
RT–PCR products. Figure 10 shows quantitative
analysis of expression of all the selected genes (Table 1).
As expected, the expression of well-known NF-kB-
dependent genes such as inhibitor of apoptosis (IAP)-1,
IAP-2, cyclin D1, D2, interleukin (IL)-6 and IL-9 was

significantly decreased in DU145 cells with inhibited
NF-kB activity. The similar inhibition of those genes
was found in PC3 cells (data not shown). The expression
of three other apoptosis-related genes c-FLIP (CASP8
and FADD-like apoptosis regulator precursor, long
isoform), XAF1–X-linked inhibitor of apoptosis protein
(XIAP)-associated factor and cell death regulator
AVEN was increased in both PC cell cultures, while
we did not find any changes in expression of Bcl-2 and
Bax. The relevance of those changes to apoptosis
induced by PS1145 in PC cells will be discussed below.
We also did not find significant changes in the
expression of cyclin B1 and B2, and Cdks in PC cells,
even though some of those cell cycle-related genes have
been previously reported to be downregulated by NF-
kB inhibitors (Guttridge et al., 1999; Gupta et al., 2002).
Genes from the vascular endothelial growth factor
(VEGF) family were differentially regulated in two PC
cell lines: VEGF-C was significantly downregulated only
in DU145 cells and VEGF-D was downregulated only in
PC3 cells (Figure 10). Overall, the antiapoptotic and
antiproliferative effects of PS1145 correlated well with
downregulation of IAP-1, IAP-2, cyclin D1 and D2.
It is known that cytokine IL-6 plays an important role

in the growth of androgen-independent prostate tumor
cells via autocrine and paracrine mechanisms (Giri et al.,
2001; Zerbini et al., 2003; Culig et al., 2004). To extend
our finding on the inhibition of IL-6 gene expression by
PS1145 in DU145 cells, we used ELISA assay to
evaluate the amount of IL-6 protein secreted into the
cell culture medium by DU145 cells treated with
PS1145. As shown in Figure 11, inhibition of IKK
resulted in a significant decrease of IL-6 levels.

Effect of PS1145 treatment on cell signaling pathways
The data obtained in our studies indicate that, despite
the strong effect of PS1145 on NF-kB activity, its effect
on proliferation and apoptosis in PC cells was more
modest. This raised the question about the possible
activation of some proproliferative, such as mitogen-
activated protein kinase (MAPK) (Zerbini et al., 2003),
and antiapoptotic, such as Akt (Culig et al., 2004; Li
et al., 2005), signaling pathways in PC cells to
compensate for NF-kB blockage. To assess the effect
of PS1145 on Akt, MAPK and stress-activated protein
kinase/Jun-N-terminal kinase (SAPK/JNK) signaling,
we evaluated the levels of Akt, SAPK/JNK and dual-
specificity mitogen-activated protein kinase kinase 1

Figure 8 PS1145 inhibited the invasion capacity of PC3-S highly
invasive clone. PC3-S cells were pretreated with 5 and 10 mM
PS1145 for 24 h and incubated in the Transwells invasion chamber
for up to 72 h. The data are presented as percent of invasion
calculated by dividing the invading cell-associated c.p.m. to the
total cell-associated c.p.m. (see Materials and methods).

Table 1 Genes studied in DU145 and PC3 cells treated with PS1145

Gene group Gene name

1. Apoptosis-related genes IAP1; IAP2; XAF1; BCL2;
BAX; AVEN; c-FLIP, AVEN

2. Proliferation-related genes Cyclin D1, Cyclin D2, Cyclin B1,
Cyclin B2, Cdk4, Cdk6, Cdc2,
Cdc5, Cdc6, Cdc25B

3. Angiogenesis-related genes VEGF-A, VEGF-C, VEGF-D
4. Adhesion molecules N-cadherin1, ICAM-1
5. Cytokines IL-6, IL-9
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(Mek1/2) phosphorylation in DU145 cells treated with
PS1145 for 24 and 72 h. As shown in the Figure 12, there
was no change in the phosphorylation level of SAPK/
JNK kinases. Against expectations, Akt activity was
inhibited by long, 72-h treatment of DU145 cells
with PS1145. Interestingly, phosphorylation of c-Raf
and downstream Mek1/2 was strongly, even though

temporarily, increased in response to PS1145 treatment.
This correlated very well with increased phosphoryla-
tion of downstream Mek1/2 target kinases extracellular
signal-regulated kinase (Erk)1/2, that was mostly
pronounced 24 h after treatment with PS1145.

Discussion

There is mounting evidence that NF-kB activation is
associated with tumorigenesis. NF-kB was found to be
activated in human leukemias and lymphomas, lung and
breast carcinomas, as well as in numerous cell lines of
different origin (Rayet and Gelinas, 1999; Karin et al.,
2002). The chronic activation of NF-kB in tumor cells
has been linked both to genetic changes and to
epigenetic mechanisms. There are numerous reports
indicating that upstream signaling pathways causing
(or associated with) tumor development can activate
NF-kB. Viral oncoproteins including Tax and EVB
nuclear antigen are known to activate NF-kB through

Figure 9 PS1145 effects on the expression of selected genes in
DU145 cells. Agarose gel analysis of RT–PCR products of selected
genes in DU145 cells treated with 10mM PS1145 for 24 or 72 h.

Figure 10 Quantitative analysis of PS1145 effect on gene
transcription in DU145 and PC3 cells. RT–PCR products were
quantitatively analysed using Agilent 2002 Bioanalyzer. The data
are shown as GAPDH-normalized fold change factor calculated
for each gene as GAPD-normalized amount of RT–PCR product
from PS1145-treated DU145 cells divided by that of untreated
DU145 sample. (a) Analysis of expression of cell cycle-related
genes in DU145 cells. (b) Analysis of apoptosis-related genes in
DU145 cells. (c) Expression of angiogenesis-related genes in PC3
cells. (d) Expression of angiogenesis-related genes in DU145 cells.
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interaction with IKK complex or some other mechan-
isms (Karin et al., 2002; Orlowski and Baldwin, 2002).
NF-kB and IKK complex could be induced by activated
oncogens Ras, Bcr–Abl, members of Rho protein family
(Orlowski and Baldwin, 2002). Production of numerous
growth factors and cytokines that are strong activators
of IKK complex, and whose expression is in turn NF-
kB-dependent, is typical for tumor cells (Orlowski and
Baldwin, 2002; Zerbini et al., 2003; Greten and Karin,
2004). Those cytokines, including IL-6 and growth
factors, may contribute to the establishment of positive
autocrine/paracrine loops of NF-kB activation in tumor
cells (Giri et al., 2001; Zerbini et al., 2003; Culig et al.,
2004). There is also evidence that IKK-independent
pathways, including p65 phosphorylation, can be
involved in NF-kB constitutive activation in tumor cells
(Viatour et al., 2005).
Recently, we and others found that NF-kB is

activated in androgen-independent PC cells and in
prostate tumors, where NF-kB has nuclear localization
in at least 15% of cells (Palayoor et al., 1999; Gasparian
et al., 2002; Ross et al., 2004; Shukla et al., 2004;
Sweeney et al., 2004). The major mechanism of NF-kB
activation in PC cell lines involves the aberrant
activation of IKK complex, resulting in increased
phosphorylation and instability of IkB inhibitor pro-
teins (Gasparian et al., 2002). Importantly, in this work
using immunostaining with antibodies against activated,
phosphorylated IKKs, we showed for the first time that
IKK complex is also activated in PC samples. Thus,
IKKs, especially IKKb that is critical for NF-kB
activation, represent a novel important target for NF-
kB blockage in PC and other tumor cells. Very recently,
several pharmaceutical companies have started working
on the design of potent orally active IKKb inhibitors

(Burke et al., 2003; Kishore et al., 2003; Baxter et al.,
2004; Murata et al., 2004; Ziegelbauer et al., 2005).
PS1145 is one of these highly specific IKK inhibitors
(ICo0.1 mM) recently developed by Millenium Pharma-
ceuticals, Inc. (Hideshima et al., 2002; Lam et al., 2005).
In this work, we developed a comprehensive picture of

the effects of PS1145 on NF-kB activity, growth,
sensitivity to apoptosis and invasiveness of PC cells.
We first demonstrated that pretreatment with PS1145
(10–20 mM) efficiently inhibited both basal and induced
NF-kB activity in PC cells. Then we studied the major
biological responses of PC cells resulting from NF-kB
inhibition. We showed that PS1145 inhibited prolifera-
tion of DU145 cells when cells were incubated with IKK
inhibitor for 48–72 h. These data are in line with the
previous findings indicating that NF-kB is an important
regulator of cell proliferation, and its effect is mediated
through regulation of expression of cyclins (especially
cyclin D1), possibly CDK/CKI genes, and some other
cell cycle-related genes, for example, c-myc. Our study
has revealed that PS1145 significantly inhibited cyclin
D1 and D2 expression in PC cells, but did not affect the
expression of cyclin B1, B2, cdk6, cdk4, cdc2, cdc5 and
cdc6. Relatively modest inhibition of PC cell prolifera-
tion by PS1145 correlates well with the results obtained

Figure 11 Analysis of PS1145 effect on IL-6 protein expression in
DU145 cells. Cell culture medium was harvested 48 h after
treatment of DU145 cells with PS1145 at increasing concentrations,
and IL-6 expression was evaluated in cell culture medium by
ELISA (Quantikine assay).

Figure 12 Analysis of PS1145 effect on cell signaling pathways.
Western blot analysis of whole-cell protein extracts (50mg/well)
prepared from DU145 cells treated with 10mM PS1145 for the
indicated periods of time. Western blot membranes were probed for
expression of phosphorylated c-Raf, Mek1/2, Erk1/2, SAPK/JNK,
Akt and actin as a control for loading.
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in multiple myeloma cells treated with the same IKK
inhibitor (Hideshima et al., 2002), and in PC-3 cells
transfected with IkBa super-repressor (Huang et al.,
2001), and may reflect the existence of compensatory
mechanisms that counteract NF-kB blockage in PC
cells. Indeed, we found that Raf/Mek1/2/Erk1/2 kinases
were strongly activated in DU145 cells by PS1145. This
suggests that simultaneous inhibition of NF-kB and
MAP kinase cascade may result in more profound
inhibition of PC cell proliferation.
A key role of NF-kB in cell protection against diverse

apoptotic stimuli including chemo- and radiotherapy is
very well known. The antiapoptotic NF-kB-regulated
genes include genes that encode Bcl-2-like proteins (A1/
Bfl1, Bcl-Xl and Nr13), IAP proteins – IAP-1, IAP-2, X-
IAP-1 and others (Barkett and Gilmore, 1999). In our
experiments, PS1145 itself triggered modest apoptosis in
DU145 cells treated for 72 h or longer. Most impor-
tantly, PS1145 treatment significantly sensitized rela-
tively resistant DU145 cells to TNFa-induced apoptosis.
These data correlate well with the previous findings that
NF-kB blockage by overexpression of nondegradable
IkBa mutant may result in apoptosis or in sensitization
to TNF-a-induced apoptosis in PC cells. Further
analysis of mechanisms of apoptotic death induced by
PS1145 in PC cells revealed the central role of caspase 3/7
in this process. Indeed, we found that PS1145 induced
caspase 3/7 activation and, consequently, increased
cleavage of PARP, a target protein for caspase 3/7. In
turn, the activation of caspase 3/7 correlated with the
decreased expression of its inhibitors, IAP-1 and IAP-2
after PS1145 treatment. Moreover, our data indicated
the role of XIAP-associated factor-1 (XAF1), an
antagonist of another inhibitor of caspase 3/7, X-IAP.
We found that XIAF1 expression was significantly
increased in PC cells treated with PS1145. On the
contrary, we did not find changes in the expression of
genes involved in mitochondrial apoptosis (Abraham
and Shaham, 2004; Rapp et al., 2004). Unexpectedly,
certain antiapoptotic genes have been activated in PC
cells after PS1145 treatment. For example, the expres-
sion of genes that encode caspase 8 (FLICE) inhibitory
protein c-FLIP (long FLIP isoform), and especially cell
death regulator Aven was increased in DU145 cells
treated with PS1145. Aven was recently shown to bind
both Bcl-x(L) and the caspase 9 regulator Apaf-1, thus
inhibiting mitochondrial apoptosis (Chau et al., 2000;
Figueroa et al., 2004; Peter, 2004). Interestingly, the
effect of PS1145 on Aven expression was especially
pronounced in PC3 cells more resistant to PS1145-
induced apoptosis, than in DU145 cells (data not
shown). This may potentially explain the known higher
resistance of PC3 cells to apoptosis induced by NF-kB
blockage.
As we mentioned, the specific pharmacological IKK

inhibitors have been developed only recently. Thus, the
information about their effect on tumor cell behavior is
very limited. PS1145 was recently tested in multiple
myeloma cells (Hideshima et al., 2002). Another novel
IKK inhibitor, BMS-345541 (Burke et al., 2003), was
studied in human melanoma cells (Yasui et al., 2003).

Overall, the effects of IKK inhibitors in other tumor
cells were similar to our findings in PC cells. Both IKK
inhibitors decreased tumor cell proliferation in vitro, and
either induced apoptosis or sensitized tumor cells to
apoptosis induced by TNF-a. BMS-345541 also inhib-
ited melanoma cell growth in vivo as xenografts in nude
mice. Interestingly, in both cell types, IKK inhibition
has resulted in abrogation of paracrine growth loops,
mediated in multiple myeloma cells by IL-6, and in
melanoma cells by chemokine CXCL1. Aberrant
expression of IL-6 has been implicated in PC progres-
sion and resistance to chemotherapy (Giri et al., 2001;
Zerbini et al., 2003; Culig et al., 2004). IL-6 is highly
expressed in androgen-independent PC cell lines, and
has been shown to function as an important growth
factor in PC cells, possibly also through autocrine
growth loop (Zerbini et al., 2003). Importantly, treat-
ment of PC cells with PS1145 resulted in significant
decrease of IL-6 gene expression and decreased con-
centration of IL-6 protein in cell culture medium,
suggesting that PS1145 affects positive growth loop
mediated by IL-6 in PC cells.
In conclusion, the presented results obtained in PC

cell cultures suggest that constitutively active antiapop-
totic and proproliferative NF-kB signaling represents a
rational target for PC treatment, especially in combina-
tion with some other proapoptotic chemotherapeutical
drugs. The development of IKK inhibitors that more
specifically block NF-kB signaling than all other agents
including proteasome inhibitors will be very helpful to
block NF-kB as a novel anticancer strategy in clinics.

Materials and methods

Cell cultures and treatments
DU145 and PC3 cells were purchased from the American
Tissue Culture Collection (Rockville, MD, USA). DU145 and
PC3 cells were cultured in RPMI 1640 medium (Gibco BRL
Life Technologies, Rockville, MD, USA) supplemented with
10% FBS (HyClone, Logan, UT, USA), sodium pyruvate
(1mM, Sigma Chemical Co., St Louis, MO, USA) and
antibiotics (Gibco BRL Life Technologies, Rockville, MD,
USA). The following reagents were used for cell treatments:
PS1145 (Millenium Pharmaceuticals, Inc., Boston, MA, USA),
LPS, DMSO and TNF-a from R&D Systems (Minneapolis,
MN, USA). PS1145 was dissolved in DMSO, and stock
solution was stored at �201C. PC3 cells stably expressing d.n.
IKKb mutant tagged with FLAG were generated using
lentivirus system from Invitrogen Corporation (Carlsbad,
CA, USA) following the manufacturer’s protocol. Antibiotic
blasticidin was used at concentration of 6 mg/ml to select for
d.n. IKKb-expressing clones. The d.n. IKKb expression was
confirmed using anti-FLAG antibodies (Sigma Chemical Co.,
St Louis, MO, USA) and anti-IKKa/b antibodies (Santa Cruz
Biotechnology, Santa Cruz, CA, USA) by Western blotting
and immunostaining (data not shown). We used in our work
pulled PC3-d.n. IKKb cell cultures.

Preparation of cellular extracts and electrophoretic mobility
shift assay
Nuclear and cytosolic proteins were isolated as described
previously (Lyakh et al., 2000). The binding reaction for
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EMSA contained 10mM HEPES (pH 7.5), 80mM KCl, 1mM
EDTA, 1mM EGTA, 6% glycerol, 0.5mg of poly(dI-dC), 0.5mg
of sonicated salmon sperm DNA, g-32P-labeled (2–3� 105 c.p.m.)
double-stranded kB-consensus oligonucleotide (Promega Corp.,
Madison, WI, USA), g-32P-labeled (2–3� 105 c.p.m.) and 5–10mg
of the nuclear extract. DNA-binding reaction was performed at
room temperature for 30min in a final volume of 20ml. DNA–
protein complexes were analysed on 6% DNA retardation gels
(Novex, Carlsbad, CA, USA). Dried gels were subjected to
radiography.

Western blot analysis
Whole-cell protein extracts were prepared using RIPA buffer
as described elsewhere (Rosenberg, 1996). Proteins were
resolved by electrophoresis on 10% SDS–PAGE and trans-
ferred to Immobilon-P membrane (Millipore Corporation,
Bedford, MA, USA). Anti-phospho-Mek1/2, anti-phospho-
Erk1/2, anti-phospho-Akt, anti-phospho-SAPK/JNK, anti-
phospho-c-Raf and anti-phospho-Ser32 IkBa and anti-PARP
Abs were from Cell Signaling Technology, Inc. (Beverly, MA,
USA); anti-p65 and anti-IkBa antibodies were from Santa
Cruz Biotechnology (Santa Cruz, CA, USA). Membranes were
blocked with 5% non-fat milk in TBST buffer and incubated
with primary antibodies overnight at 41C. Peroxidase-con-
jugated anti-rabbit or anti-mouse IgG (Sigma Chemical Co.,
St Louis, MO, USA) were used as secondary antibodies. ECL
Western blotting reagent (Amersham Pharmacia Biotech,
Sweden) was used for protein detection. To verify for equal
amounts of proteins loaded and transferred, the membranes
were stained with Ponceau Red.

Transfection of PC cells and luciferase activity
The following constructs were used for transfections: kB-
luciferase reporter – Firefly luciferase (FL) under a 5� kB
promoter kindly provided by Dr WC Greene (Gladstone
Institute for Virology and Immunology, University of Cali-
fornia, San Francisco, CA, USA); pRL-null construct –
Renilla luciferase (RL) under a minimal promoter (Promega
Corp., San Luis Obispo, CA, USA); pcDNA3.1-CMV-IKKb
wild type (w.t.) (kindly provided by Dr F Mercurio, Signal
Pharmaceutical, Inc., San Diego, CA, USA). PC cells were
plated onto 12-well plates and at 50% confluency were
cotransfected with indicated plasmids using Effectene reagent
(Qiagen Inc., Valencia, CA, USA) according to the manufac-
turer’s protocol. The amount of each plasmid DNA was
0.5 mg/well. Prostate cells were harvested 36 h after the
transfection and the Luciferase activity was measured by dual
luciferase assay (Promega Corp., San Luis Obispo, CA, USA)
on a TD20/20 Turner luminometer (Turner Design Instru-
ments, Sunnyvale, CA, USA). When necessary, before
transfections, cells were pretreated with PS1145 (10 mM) and/
or TNF-a (7 ng/ml) or LPS (1.5 mg/ml). FL activity was
normalized against RL activity to equalize for transfection
efficacy.

Northern blot analysis
Total RNA from freshly harvested cells was isolated by TRI
reagent (Molecular Research Center, Inc., Cincinnati, OH,
USA) and subjected to Northern blotting. In all, 20 mg of total
RNA was resolved in 1% agarose�6% formaldehyde gel. The
RNA was transferred to nylon membranes and probed for
IkBa. The DNA probe was prepared by random-primed
reactions using the complete coding sequence of human IkBa
cDNA (ATCC, Rockville, MD, USA).

RT–PCR
Two-step RT–PCR reaction using reverse transcriptase MLV-
RT with random primers and PCR-Supermix (both from
Invitrogen Corp., Carlsbad, CA, USA) with appropriate PCR
primers was performed using total RNA isolated by RNAeasy
mini kit (Qiagen Inc., Valencia, CA, USA). PCR primers were
designed using Primer-Bank database (http://pga.mgh.harvard.
edu/primerbank/) and RTPrimerDB Real Time PCR Primer
and Probe Database (http://medgen.ugent.be/rtprimerdb/
index.php). PCR products were analysed by electrophoresis
in 1.5% agarose gel. The actual amount of PCR product was
measured by an Agilent 2001 Bioanalyzer and normalized to
the amount of GAPD PCR product. For quantitative analysis,
the data are represented as the ratio of GAPD-normalized
amount of PCR product in PS1145-treated cells to the GAPD-
normalized amount of PCR product in control cells.

IL-6 secretion
DU145 cells were plated at 5000 cells/well in BD356640 poly-D
lysine 96-well plates (Beckton Dickenson, Franklin Lakes,
NJ, USA). Cells were incubated with PS1145 at increasing
concentrations for 48 h. IL-6 level in tissue culture media was
measured using Quantikine Assay for human IL-6 (R&D
Systems, Minneapolis, MN, USA) according to the manufac-
turer’s protocol using Wallace Victor 2 1420 luminometer.

Assessment of proliferation
Cell proliferation was assessed using None-Radioactive Cell
Proliferation Assay (MTS test) from Promega Corporation
(San Luis Obispo, CA, USA) and bromodeoxyuridine (BrdU)
cell labeling using immunofluorescence. For both tests PC
were plated onto 12-well plates (20� 103 cells/well), and
cultured for 24–72 h in the presence of 10 mM PS1145. Every
24 h fresh complete media containing 10 mM PS1145 was added
to the cells. For MTS test each group of cells was plated in
triplicate. The MTS reagent was prepared and used according
to the manufacturer’s protocol. Optical density of the samples
was measured on a plate reader at 490 nm.
For BrdU labeling, the cells were plated onto sterilized

coverslips placed on the well bottoms in 12-well plates.
PS1145-pretreated and control DU145 cell cultures were
treated with BrdU (2mg/ml) for 2 h. The coverslips with cells
were fixed and permeabilized with acetone–methanol (1:1)
mixture at �201 for 15min, washed with PBS, blocked with
20% goat serum and stained with primary anti-BrdU Ab from
Becton Dickinson (Franklin Lakes, NJ, USA) and secondary
goat anti-mouse Ab conjugated with Cy3 (Jackson Immuno-
research laboratories Inc., West Grove, PA, USA). DAPI
(Vector laboratories, Burlingame, CA, USA) was used to
counterstain the nuclei. The number of BrdU-positive cells was
counted in PS1145-treated and control cultures (10 fields of
view in each sample). For quantitative analysis, the data were
presented as the % of BrdU-positive nuclei to the total number
of nuclei stained with DAPI.

Apoptosis detection
To evaluate apoptosis, we used Western blot analysis of PARP
proteolysis and caspase 3/7 functional assay. To study PARP
proteolysys, prostate cells, plated on 10mm dishes, were
treated with 10mM PS1145 alone or in combination with
7.5 ng/ml TNF-a (R&D Systems, Minneapolis, MN, USA) for
16–72 h upon reaching 50% confluence. Adherent cells and
detached floaters were combined for whole-cell protein extract
preparations. PARP cleavage was estimated by Western blot
analysis with anti-PARP antibody (Pharmingen, San Diego,
CA, USA).
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For caspase 3/7 functional assay, DU145 cells were plated at
5� 103 cells/well of a 24-well plate in 100ml of complete media.
PS1145 was added at increasing concentrations from 0.1 to
50mM. Caspase activity was measured after 48 h treatment with
PS1145 using ApoOne kit (Promega Corp., Madison, WI,
USA) according to the manufacturer’s protocol. In all, 100 ml
of the substrate was added for 2.5 h.

Transwells invasion assays
The PC-3 High Invasion subclone (PC3-S) was previously
selected by serial passages through reconstituted basement
membrane Matrigels (Becton Dickinson, Lincoln Park, NJ,
USA) in the Transwells invasion apparatus (Lindholm et al.,
2000). For analysis of PC-3S cell invasion in the presence of
PS1145 inhibitor, a Transwells invasion assay was used
according to the protocol described previously (Lindholm
et al., 2000). Prior to the invasion assay, the cells were
preincubated with [3H]thymidine and either PS1145 or control
vehicle (Lindholm et al., 2000) overnight. The cells were
incubated in the invasion chamber for up to 72 h. Invading
cells were collected as described previously (Lindholm et al.,
2000), and the cell invasion was quantitated by counting the
cell-associated c.p.m. The percent invasion was calculated by
dividing the invading cell-associated c.p.m. to the total cell-
associated c.p.m. The statistical analysis of percent invasion
was determined by Student’s t-test comparisons using InStatt
statistical software (GraphPad Software, Inc., San Diego, CA,
USA). The results are presented as mean7standard deviation
(s.d.).

Immunostaining of prostate tissues
Prostate tissues were obtained from white male patients at the
age 40–82 years during biopsy or surgery to remove prostate
tumors. Paraffin sections of formalin-fixed PC samples
with verified diagnosis were used for immunostaining. The
immunostaining was performed using Envisionþ System-
HRP (DAB) kit according to the manufacturer’s protocol

(DakoCytomation, Carpenteria, CA, USA). After Ag retrieval
in a pressure cooker (for 5min at 20–25 psi) in citric buffer (pH
6.0), tissue sections were blocked with 20% goat serum in PBS,
and consequently incubated with primary rabbit polyclonal Ab
against phospho-IKKa/b (Cell Signaling Technology, Inc.,
Beverly, MA, USA), followed by secondary anti-rabbit IgG-
reagent provided with the Envisionþ System-HRP (DAB) kit.
Immunostaining was visualized with DAB chromogen (Dako-
Cytomation, Carpenteria, CA, USA) and counterstained in
Mayer’s hematoxylin.
Data in all figures are shown as results of the representative

experiments. All experiments were repeated at least three
times.
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